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INTRODUCTION: Malaria is the primary infectious disease threat facing the U.S. solider, and is
the leading cause of all casualties during tropical deployments. The long-term objective of this
project is to identify and prepare the malaria parasite forms causing severe anemia, and then
apply functional genomics and bioinformatics tools to identify 15 to 30 proteins that could form
the basis for an effective vaccine at both the pre-erythrocytic and blood stages of malaria
infection. The project will then evaluate these lead candidates for their recognition by sera
collected from immune individuals, in order to identify the leading 3 to 5 candidates for a blood
stage vaccine that prevents severe malarial anemia.

BODY: We have made good progress in many activities during our third year as described
below.

Human Subjects Research Protocol

Our DOD protocol titled, "Antigens for a Vaccine that Prevents Severe Malaria" describes the
functional genomics and immunoreactivity studies that we are performing on malaria parasites.
After extensive revisions during the first grant year, it now supports laboratory work being
conducted only at the Seattle Biomedical Research Institute in the U.S., and includes sample
processing, immunoparasitology, and functional genomics studies on samples collected under a
separately IRB-approved longitudinal cohort study. The longitudinal cohort study has previously
been supported by funds from the National Institutes of Health and the Bill & Melinda Gates
Foundation and is currently supported by a Grand Challenges grant from the Foundation for the
National Institutes of Health.

We submitted the DOD protocol for continuing review to our locai IRB (Western IRB in Olympia,
WA) in December and received continuing approval on December 24, 2007 (annual approvai
expires January 6, 2009).

Optimization of Laboratory Methodology

Microarray Printing We have improved the quality of our oligonucleotide spotted microarrays by
optimizing humidity and pin strike speeds as well as adjusting oligonucleotide concentrations.
We have implemented quality control analyses to ensure quality and consistency of slides
between different prints using open source (Bioconductor) and commercial (Acuity) programs.

RNA Extraction and Processing RNA extraction and purification from whole blood samples
collected in Tanzania was improved and optimized. The RNA extraction time was reduced from
12 hours to 90 minutes and a procedure was added to remove globin mRNAs produced by
reticulocytes, which compromises microarray sensitivity.

DNA Microarray Studies of Severe Anemia Parasites

We have prOCGSSEd the majority Of peripheral Hemoglobin concentration in samples with microarray data
blood samples from the Muheza cohort for
microarray anailysis. A total of 105 hybridizations

performed with 42 samples from 40 individuals “
passed quality control filters. Ten of these samples 2
are from patients with anemia (defined as blood 10 ] ® Anomic

hemoglobin concentration lower than 8 g/dL), and .
32 are from patients who were classified as non- 4§

anemic (see Figure to right).
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Using different bioinformatics tools to explore the resulting data, including Acuity, SAM, LIMMA
and GenePattern, we compiled a list of approximately 75 candidate genes that appear to be up-
regulated in parasite samples from anemic patients as compared to non-anemic patients.
Interestingly, 6 of the 75 proteins in our candidate list (MAL7P1.174, PFD1170c, PFF0Q75c,
PFE1605w, PF110037 and PFB0085c) belong to a family of predicted exported proteins of
unknown function (PHISTDb), which includes the vaccine candidate RESA. This family is
conserved in other Plasmodium species but has particularly expanded in P. falciparum
(Sargeant et al., Genome Biology 2006), and some PHISTb genes appear upregulated in
parasites directly extracted from infected patients compared to the culture-adapted 3D7 (Daily et
al., J.Inf. Dis. 2005).

We selected an initial subset of proteins that were identified by multiple analyses tools as being
upregulated in anemic patients and have the characteristics of putative antigens for further
analysis. These proteins have predicted signal peptide (SP) or transmembrane (TM) domains,
signatures of exported proteins (Exp), and/or have been found in the membrane of the infected
red blood cell by mass spectrometry (MS iRBCm), see Table below:

Candidate antigens Known properties of candidates | Status
SP | TM | Exp | MSIRBCm | Cloned | Expressed | Ab raised Bioplex

MAL7P1.174 | PHIST b protein 1 + + v N v v
PFD1170c PHIST b protein + v
PFF0075¢c PHIST b protein +7 v
PFD1120c etramp4 1 1 \ v N
PFB00S5c | PIEMP3 + v v v
PFF0365¢c putative  signal 10

transductor

The differential expression of the mRNA corresponding to these proteins between anemic and
non-anemic patients is currently being confirmed by quantitative PCR. In addition, several of
these proteins are currently in our pipeline for cloning and cell-free protein expression.
Successfully expressed candidates are being screened in Bioplex-based assays to determine
whether sera from immune patients contain reactive antibodies against them, and antibodies
against these proteins generated in mice are being used in flow cytometry experiments to test
for reactivity against red blood cells infected with different parasite lines. The antibodies will also
be used in immunoflucrescence assays to determine the location of the candidates in the
infected erythrocyte.

We have also conducted an experiment to validate the results obtained from our in-house
spotted arrays using tiling arrays from Nimblegen. An initial comparison of the results from both
platforms reveals a good correspondence between the most differentially expressed genes
among samples. Because we only tested four patient samples in the tiling array platform, this
test lacks the statistical power to allow us to identify genes up-regulated in anemia, however,
two of the genes in our current short candidate list, MAL7P1.174 and PFF0365c, are found in
the 95" and 90" percentile, respectively, when genes are sorted by the fold change between
anemic and non-anemic samples in both microarray platforms.

With the goal of identifying other candidate genes that can be further explored with the tools
described above, bioinformatic analysis of the resuits is ongoing. We have recently incorporated
a new bioinformatics tool to our analysis, the non-negative matrix factorization algorithm, which
classifies samples into clusters of similar gene expression without a priori assignment to specific
categories. This approach allows the identification of the discriminating factors among clusters,



and can be used to better identify which samples to compare. We are also conducting
regression analysis on the data to model factors such as anemia, parasitemia, age of the
patient, parity, pregnancy malaria, hospitalization records and history of malaria infections into
our candidate gene selection strategy. Furthermore, the available data can be analyzed to
identify genes whose expression associates with other malaria-related features; for example,
such as hyperparasitemia: 24 of the RNA samples analyzed by microarray to date correspond
to patients with hyperparasitemia {(more than 2500 parasites per 200 white blood cells), while 18
patients had lower levels of parasitic loads.

In addition to the peripheral blood samples we have already processed, we have over 200
samples that were cultured in the laboratory for approximately 48 hours. Analysis of these
samples will allow us to identify candidate protein-encoding genes expressed in later phases of
the intraerythrocytic cycle that could be responsible for the ability of parasitized erythrocytes to
sequester.

Proteomics Studies of Severe Anemia Parasites

Two experimental approaches were used to identify proteins that are upregulated in parasites
collected from children with severe anemia. The first approach employed a semi-quantitative
LC-MS/MS method; the second approach employed quantitative proteomics using FTICR-MS.
Using these proteomics approaches, we analyzed the IE surface proteome of parasites
collected from children with anemia, in comparison to that of parasites collected from children
with other clinical syndromes like hyperparasitemia or of placental parasites.

In these quantitative proteomics studies, we found that 10 proteins were expressed at
significantly higher levels in parasites from children with anemia. Fold change in mean protein
abundance varied between 3.2-78 (see table below). Three of these proteins were also
identified by semi-quantitative methods to be associated with malarial anemia. Five of the
proteins contain predicted transmembrane domain (TM). To validate that these proteins are
upregulated in parasites associated with anemia, we are in the process of producing these
proteins in recombinant form, using both eukaryotic cell-free expression system and E. coli
expression system.

Fold change: Fold change:

anemia vs non anemia vs
Name Gene ID SP | TM | anemia placenta p value
serine repeat anfigen-6 PFB0335¢c y 3.21596068 15 <.0001
HSP&0 PFF0590c ¥ 15.6874945 8.457412 <.0001
translation initiation factor-like
protein PFO8 0018 3.43508051 71.82496405 0.0005
hypothetical protein MAL13P1.299 |y ¥ 8.38567112 39.27753496 <.0001
RNA-binding protein PFI1025w 24.3827058 49.98633087 <.0005
proliferation-associated protein PF14 0261 6.15967005 6.012381281 0.0007
cAMP-dependent protein kinase PFL1110¢ 26.5765229 8.225850112 0.007
hypothetical protein PFCO760c Vi 78.014611 36.82168487 0.0003
hypothetical protein PFO8 0137 i 24.1037728 64.37807161 <,0001

KEY RESEARCH ACCOMPLISHMENTS: Below is a list of key research accomplishments

emanating from this research:
. Human Subjects Protocol Continuing Review Approvals obtained




Identified several known surface protein genes (called var genes) that are upregulated in
parasites causing anemia

ldentified several hypothetical protein genes that are upregulated in parasites from
anemic patients that would also make good vaccine antigen candidates

Established cell-free protein expression in our laboratory using ENDEXT technology to
prepare recombinant proteins for serosurveys

Continued to improve the quality of our oligonucleotide spotted microarrays and
implemented quality control analyses to ensure quality and consistency of slides
between different prints

Continued to improve RNA stabilization and extraction assays

Completed microarray studies of parasites causing severe anemia in Tanzania
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CONCLUSION: We have completed the microarray studies of parasites causing severe
anemia in Tanzania. Theses studies have identified several parasite genes that appear to be
preferentially transcribed by severe malaria parasites. These studies are now being confirmed
using parasites causing severe anemia at another study site in Morogoro Tanzania. We will
continue our seroepidemiology studies to examine whether antibody responses against these
severe anemia parasite antigens correlate with resistance to severe anemia. Evidence that the
antibodies correspond to protection will provide a strong rationale for further development of
these antigens as vaccine candidates against malarial anemia.

REFERENCES: None.
APPENDICES: Publication numbers 1 through 9.

SUPPORTING DATA: None.
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Ancillary-care responsibilities in observational research: two

cases, two issves

N Dickert, K DeRiemer, P £ Duffy, L Garcia-Garcia, TK Mutabingwa, B Sina, P Tindang, R i ie

International collaborative research in developing
countries raises difficult ethical issues in the setting of
severe diseases and complex costly treatments. Discussion
of two matters has characterised the debate on this type of
research. First, what standard of care should be provided
to participants in intervention studies, particularly those
in control groups? Second, what level of benefits should
be provided to individuals and communities during a
study and after completion, particularly with respect to
treatments proven effective through research?** Here, we
focus on a third issue, investigators’ responsibilities for
meeting participants’ needs for ancillary care.

Ancillary-care needs have been identified as distinct
only in the past few years.* Richardson and Belsky
demarcated such care as “that which is not required to
make a study scientifically valid, to ensure a trial’s safety,
or to redress research injuries”* Examples include
treatment of schistosomiasis detected in the urine of
parlicipants in a malaria study and management of HIV
acquired ina preventive HIV vaccine trial” Requirements
for ancitlary care can arise in any study in which people
with unmet health needs are enrolled, but no policies or
guidelines exist with respect to the researchers' duty to
meet such needs. After briefly describing Richardsen
and Belsky’'s framework to set out ancillary-care
responsibilities, we discuss two cases that raise
frequently faced but important challenges, which we
believe have not received sufficient attention in existing
published work.

Richardson and Belsky propose a two-question frame-
work to establish duties of ancillary care. First, does
treatment for a particular health need fall within the
so-called scope of entrustment between participant and
investigator? Second, how strong is the individual’s claim
to that care? Richardson and Belsky argue that the
investigator-participant relation is determined by the
subset of health needs that participants entrust to the
investigator when agreeing to take part in a clinical
research study. Investigators’ responsibility for provision
of care is restricted to care addressing that subset of
participants’ heatth needs. Such needs are the ones for
which researchers have some responsibility for provision
of care, The scope of entrustment is thus “fixed by the
subset of the permissions obtained during the consent
process that are required for the research team to carry
out the study validly and safely”” and typically includes
caring for the disease under study and “following up on
any dinically relevant information or diagnoses
generated” * If a specific form of care is within the scope
of entrustment, the participant does have some claim to
that care. The strength of the individual's claim is then

ascertained by the degree of the individual's vulnerability
and dependence, the depth of the relation between
investigator and participant, the extent of gratitude owed
to the individual for accepting uncompensated burden,
and the importance of reasons against providing care.
Such reasons might include, for example, scientific
considerations, cost, duration of treatment, or deficient
infrastructure.”

Richardsen and Belsky stress the need for ongoing
dialogue to provide answers for these two questions in
particular studies, The cases we discuss next, both funded
by US sponsors, contribute to that process. The first case,
however, also poses a challenge, suggesting that the
range of ancillary-care responsibility is defined by more
than entrustment of specific health needs and could be
wider than Richardson and Belsky propose.

The first case, which illustrates the challenge of
establishing the investigators’ scope of responsibilities,
is the Mother-Offspring Malaria Study (MOMS}, a 5-year
observational study focused on the pathogenesis and
clinical outcomes of severe malarial disease in children.
Participants were motherinfant pairs at the Muheza
Designated District Hospital (MDDH) in Tanzania and
were enrolled around the time of delivery.” The protocol
included obtaining peripheral, placental, and umbilical-
cord blood at delivery, capillary blood at 2-week intervals
for the first year of life then every month until age 4 years,
and venous blood every 6 months,

Children in MOMS received all care (including
treatment for malaria) from MDDH, with all costs paid by
the project. Additionally, a coinvestigator reviewed case
records for enrolled children during the study to ensure
that they were receiving approptiate inpatient and
outpatient care. Despite the high prevalence of HIV in the
local population, the hospital could not afford antiretroviral
drugs and did not routinely provide prophylaxis for
HIV-associated opportunistic infections. The annual
government expenditure on health care was only
US$12 per person.

During the first year of MOMS, several children with
HIV died from opportunistic infections. Study investi-
gators then developed a plan with the hospital to refer alt
children with persistent HIV-positive antibody status to a
hospice clinic and to provide co-trimoxazole to all offspring
of HIV-infected mothers. At least two types of ancillary
care were thus provided: 1) monitoring to ensure proper
malaria care; and 2) hospice referral for HIVerelated
treatrnent, including co-trimoxazole prophylaxis.

Monitoring of malaria treatment was clearly within the
scope of entrustment as articulated by Richardson and
Belsky. Malaria was the disease under study, and

www.thelancet.com Vol 369 March 10, 2007
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participants probably expected investigators to take some
responsibility for their malaria treatment, particularly
because the study had the potential to generate clinically
relevant information about their disease. A duty to
provide care for HIV-related illness, however, seems to
fall outside the scope of entrustment. Knowledge about
HIV status is one of many elements of the medical
history that were relevant to investigators, but data on
HIV were not generated by participation, were not central
te the research question, and were available to anyone
interacting clinically with participants. Although HIV-
related care was thus outside the scope of entrustment as
defined by Richardson and Belsky, MOMS investigators
felt a sense of duty to ensure hospice referral and
prophylaxis for opportunistic infections for sick
participants. Was this ancillary care supererogatory—that
is, morally praiseworthy but optional-—or is Richardson
and Belsky's notion of the range of responsibility
incomplete?

We believe that the study investigators recognised that
their responsibilities to provide ancillary care extended
beyond what was entrusted by individuals agreeing to
participate. In particular, they recognised that the need
for prophylaxis for opportunistic infections was
important, that effective treatment was affordable, and
that they had an ongoing research relation with
participants. These factors play an important part in
Richardson and Belsky's framework by helping to
ascertain the strength of responsibilities within the scope
of entrustment (ie, malaria-related treatment), but they
cannot strengthen a duty that is outside this range (ie,
HIV-related treatment]. We see no reason why these
factors ought not to have a role in establishing the scope
as well,

Using Richardson and Belsky's framework, the way in
which investigators planned to use information about
HIV infection in the MOMS project is especially refevant
to the task of assessing whether some responsibility
exists. If adjustment for or stratification by HIV infection
were part of the investigators analytical plan, for example,
HIV-related care might fall within the scope of
entrustment. But, if HIV status were gathered only as
part of an initial history, such treatment would not be
included. Why does relevance of information to the aim
of the study indicate the level of responsibility that
participants entrust? Have participants disclosing HIV
infection as part of the routine medical history taken at
the beginning of most research projects really entrusted
less than individuals whose HIV status will be central to
data analysis?

We agree with Richardson and Belsky that under-
standing the nature of the investigator-participant
relation is essential to locating ancillary-care responsi-
bilities. Furthermore, we concur that such a relation
exists in some middle ground between a clinical provider
and a detached scientist and varies substantially based on
the nature of specific studies. However, there is more to

www.thelancet.com Vol 369 March 10, 2007

this relation than what is entrusted by people in agreeing
to participate in a study. Moreover, what is entrusted
seems to depend less heavily on the nature of the study
than Richardson and Belsky suggest.

Some researchers might argue that the MOMS project
presents a straightforward duty of assistance—or duty
of rescue—and that the scope requirement is unhelpful.
Singer’s position, for example, suggests that to withhold
treatments or services from research participants, which
a study can provide and to which individuals would not
otherwise have access, would be ethically unjustifiable,®
Richardson and Belsky might even admit a duty of
assistance in the MOMS case, asserting that entrustment
responsibilities are distinct from duties of assistance
and depend only on the nature of research and the
investigator-participant relation. We are sympathetic to
their desire to locate the responsibilities that inhere in
the nature of the relation between investigators and
patients, but we are concerned that entrustment provides
an incomplete account of the relation. Our analysis thus
calls the scope requirement into question and could
suggest that what is needed is a deeper context-specific
understanding of researchers’ duties of assistance. The
boundaries of the range of investigators' responsibilities

Tuberculosis case finding by community health workers in a rural household
in seuthem Mexico
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remain unclear. At the very least, however, we suggest
that some criteria relevant to assessment of the strength
of a claim are important determinants of the scope of
researchers’ specific duties.

This case is challenging with respect to scope, but the
strength of participants’ claims seems strong. The debt of
gratitude is small; participants accept few uncompensated
risks. However, they have no other source of care and are
very vulnerable, and investigators are engaged deeply with
the community and individuals. Finally, no strong reasons
exist against providing this treatment; it was inexpensive
and could be provided through the hospital. As in the
second case, however, assessment of strength can, at
times, be challenging.

The second case, which illustrates the challenges in
determining the strength of participants’ claims, is a
population-based prospective study of the effect of
short-course directly observed treatment {DOTS) on
drug resistance and transmission of tuberculosis
between 1995 and 2000 in southern Mexico." In this
observational study investigators partnered with the
existing local DOTS effort and used passive case-finding
by community health workers and conventional
diagnostic and molecular epidemiological methods to
detect study endpoints (figure). Initially, in the local
DOTS programme, individuals with new infections
were ftreated with three firstline anti-tuberculosis
drugs; those who needed retreatment received an
additional fourth agent. In 1998, local health
authorities—with the encouragement of the study team
and in accordance with WHO recommendations—
began treating people with new infections with four
drugs and retreatment cases with five agents. Neither
the local health department nor the research study
provided second-line drug treatment for rulti-
drug-resistant disease; however, all participants were
referred to the national tuberculosis control programme
and were assessed by doctors of the National Institute
of Respiratory Diseases, the national referral centre.

Over the 5-year study period, researchers noted that,
even with moderate levels of multidrugresistant
tuberculosis, DOTS (with only firstline agents) rapidiy
reduced the incidence of drug-susceptible and drug-
resistant infections. In particular, the regimen significantly
lowered transmission of multidrug-resistant disease, al-
though it did not decrease deaths in individuals resistant
to more than one first-line drug or with multidrug-resistant
tuberculosis. The strategy simply rendered these people
non-infectious. In total, 41 participants were identified with
multidrug-resistant tuberculosis; five died and only eight
(19-5%) were judged a treatment success.

In view of the high mortality and failure rates in
participants with multidrug-resistant tuberculosis, should
investigators have treated these people with second-line
anti-tuberculosis drugs? Individuals were treated with the
local standard of care and in accordance with available
international guidance; WHO did not recommend

treatment of multidrug-resistant tuberculosis with second-
line drugs at any point during the study, However, the
standard of care in the USA at that time was to treat this
disease with individualised regimens of second-line
agents.” The cost for such treatment is nearly US$28000
per patient,” or $1148000 to treat 41 people, far more than
the small budget of this observational study. Although, it
does not refer explicitly to ancllary-care issues, the
Declaration of Helsinki states clearly that the best treatment
waorldwide mustalways be provided to research participants,
a position not affirmed definitively until October, 2000
{after this study was concluded). More importantly, this
position is not shared widely. Other international guidance
documents do not include the same requirement, and
whether it is ethically defensible is not clear.!

Treatment of multidrug-resistant tuberculosis is
arguably within the investigators’ scope of responsibility.
They were rever entrusted with any health-care decision-
making in this observational study. Richardson and
Belsky” propose that the scope of entrustment depends
primarily on the nature of the study and is fixed by the
subset of the permissions obtained during the consent
process. However, investigators had privileged access to
individualised information about drug sensitivity,
members of the research team were involved in
optimisation of the DOTS programume, and investigators
were involved in increasing access to treatment for people
with susceptible and resistant tuberculosis, both locally
and naticnwide. The strength of participants’ claims to
second-line treatment of multidrug-resistant tuberculosis,
however, is even less clear. The participants’ vulnerability
and dependence were indisputable since the illness is
largely fatal and no other sources of treatment
were available, However, individuals assumed no un-
compensated risks, and investigators did not have a deep
relation with participants; the research team was generally
cbserving the existing DOTS effort. Most importantly,
there were strong economic and scientific reasons against
providing individualised treatment with second-line
drugs. Treating participants at a cost of $1148000 was
impossible on this study’s budget. Additionally, the study
was designed to show the effect of DOTS (with only
firstline agents) on multidrugresistant disease
transmission; the finding that DOTS is effective in this
respect has important implications for the design of
tuberculosis treatment programmes. Had participants
been treated with second-line agents, this effect could not
have been detected.

Was this study ethically problematic as implemented?
The Declaration of Helsinki suggests that it could be
improved.* Furthermore, some commentators would
challenge the legitimacy of economic reasons against
providing treatment and the true scientific importance of
knowing that first-line drugs reduced transmission of
multidrug-resistant disease, asserting that both are only
relevant as a result of injustice.* Important inequities are
at the root of issues such as tuberculosis in developing
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countries, but this matter does not invalidate, or make
complicit, research aimed at improving health in the
presence of such inequities. The Helsinki position is
untenable if this important research is to proceed.

After condlusion of this DOTS study, a standardised
regimen of second-line drugs was shown to be effective
for treatment of multidrug-resistant tuberculosis {although
less effective than individualised therapy), at a cost of
around $2000 per patient.” The cost of treating 41 patients
with the disease would then be $82000 versus $1148000.
The strength of participants’ claims to treatment might
thus increase. However, the need to reduce transmission,
the high cost of treatment, and the low cure rate with all
available treatment regimens would remain relevant to
such assessments. Exactly how we weigh these competing
factors remains a difficult challenge.

This second case indicates the tensions that exist
between vulnerability, dependency, cost, and scientific
considerations. It provides an especially helpfitl example
of the need to prevent extreme wvulnerability and
dependence from hijacking all other considerations, an
unfortunate outcome of the position advocated in the
Declaration of Helsinki and by several authors in published
work.** Such stances could entail the loss of valuable
research findings for communities with important health
needs. One great advantage of Richardson and Belsky's
framework is that it explicitly requires that these important
moral considerations be assessed in context; one
consideration cannot trump all others.

In conclusion, the most important implication of this
discussion has to do with the range of investigators’
duties to provide ancillary care. The MOMS project
challenges directly Richardson and Belsky's notion of
the investigator-participant relation and the scope of
ancillary-care responsibilities. We have suggested that
the scope is established by more than what is entrusted
lo investigators by participants. We have also challenged
the notion that the tightness of the connection between
a particular ancillary-care need and the research
question is an especially important determinant. The
range of ancillary-care responsibility is not boundless,
and we agree with Richardson and Belsky that it is
mainly delimited by the nature of the research relation,
However, factors such as the existence of need, the
ability to help, and particularly investigators' level of
engagement with participants are all important
elements of that association and are thus material to
establishing the scope of responsibility in addition to
determining the strength of claims to care.

We also hope to have called attention to the many
factors that determine the strength of a particular claim
to ancillary care by research participants. The DOTS
study indicates a serious flaw with the hard-line position
that participants must be assured of the best treatment
available anywhere. Requiring investigators to provide
individualised second-line treatment would have
made the study prohibitively expensive and prevented
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detection of important endpoints. Insistence on such a
requirement inflates ancillary-care duties and fails to
recognise the important role of research in advancing
health in the developing world.

Ancillary-care needs are ubiquitous and warrant interest
by the bioethics and research communities, Richardson
and Belsky should be commended for recognising these
issues as distinct and calling attention to their importance.
We hope that discussion of these two cases will advance
our understanding of ancillary-care responsibilities and
facilitate ethical implementation of important research
addressing health issues in developing countries.
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Summary Placental malaria caused by Plasmodium falciparum is a public health concern in tropical
countries, Peripheral blood smears to detect placental malaria are often negative, and recrudescences are
common during pregnancy. We performed placental histology on a series of first-time mothers
delivering in an area endemic for P falciparum. A single nidus of malaria-infected erythrocytes was
identified by placental histology in a single intervillous space from a woman who had no other evidence
of peripheral or placental blood parasitemia. This finding suggests ring stage—infected erythrocytes
sequester in vivo, or P falciparum can persist as a dormant blood stage form.
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1. Background

The protozoan Plasmodium falciparum is 1 of 4 human
malaria parasites that multiply within erythrocytes
during their asexual blood-stage development. Acute, life-
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threatening complications of falciparum malaria are related to
adhesion of mature-stage infected erythrocytes (IE) to
endothelium, which allows IE to sequester in deep vascular
beds of various organs. Immature ring stage IE circulate in the
peripheral blood and are generally thought not to be adherent.
The diagnosis of falciparum malaria ofien relies on micros-
copy to detect ring-stage parasites in peripheral blood smears
stained with Giemsa, but histology and molecular techniques
can also be used.

Pregnant women are susceptible to falciparum malaria,
particularly during first pregnancies, and treatment failures
are common. In a study from Kenya, recrudescences after
treatment were 2- to 6-fold more common in women during
first pregnancy than in nonpregnant women [1]. The patho-
genesis of placental malaria (PM) involves the sequestration
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of IE in the placenta. In endemic areas, peripheral blood
smears are reported to be negative in roughly half of women
with placental IE for unknown reasons [2]. The presence of
placental IE defines active PM episodes. Past PM episodes
are indicated by malarial pigment deposition in the absence of
IE [3,4]. Active PM episodes can present histologically as
acute (high parasite density with minimal inflammation and
pigment) or as chronic (typically lower parasite density with
extensive inflammation and pigment).

2. Materials and methods

Placental samples and clinical information were provided
by Tanzanian women 18 to 45 years of age, delivering at the
Muheza Designated District Hospital, Muheza, Tanga region.
Sample donors were among those recruited to participate in a
birth cohort study known locally as the Mother-Offspring
Malaria Study. Women previded signed informed consent
before joining the study. Study procedures involving human
subjects were approved by the International Clinical Studies
Review Committee of the Division of Microbiology and
Infectious Diseases at the US National Institutes of Health,
and ethical clearance was obtained from the institutional
review board of Seattle Biomedical Research Institute and
the National Medical Resecarch Coordinating Committee
in Tanzania.

Immediately before delivery, peripheral blood was
collected. The placenta was collected at delivery, and a

full-thickness biopsy from the middle third of the placental
disk was frozen in liquid nitrogen and stored at —80°C.
Active PM episodes were detected by microscopy of
Giemsa-stained thick and thin smears of placental blood
extracted from placental tissue by mechanical grinding.
Placental parasitemia was quantified as the percentage
of IE.

Cryosections (5 pm) of placental tissue were Giemsa-
stained and assessed by examining greater than 100 60X
fields per section. Malarial pigment is a brown heme-derived
product that refracts under polarizing light and persists in
acellular fibrinoid in the intervillous space. Past PM episodes
were defined by the presence of pigment in a placenta
negative for IE. Pigment deposition in fibrinoid was
quantified by determining the percentage of fields containing
pigment, presented as mean * SD and analyzed using
Student ¢ test. Inflammation was qualitatively scored by the
presence of inflammatory cells in the intervillous space.

DNA was extracted from 30-pL packed red blood
cell pellets using Qiagen G1Amp DNA blood kit (Valencia,
CA). To detect parasite DNA, nested polymerase chain
reaction (PCR) for P falciparum 18s rRNA was performed.
This method has a published sensitivity of 10 parasites per
reaction [5)]. The primer pair for the first amplification was
TTAAAATTGTTGCAGTTAAAACG (forward} and
CCTGTTGTTGCCTTAAACTTC (reverse); the primer pair
for the second amplification was TTAAACTGGTTTGG-
GAAAACCAAATATATT (forward) and ACACAAT-
GAACTCAATCATGACTACCCGTC (reverse).

Fig.1 A, Placental tissue cryosection showing a lone nidus of parasites (Giemsa, 600x), B, Polarized light showing malarial pigment and
adjacent normal tissue (200x).
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3. Results

A series of 132 first-time mothers delivering single
viable offspring from September 2002 to June 2004 were
examined. [E were observed by microscopy in the placental
bloodsmears of 35 of 132 women. Placental parasitemia
ranged from 0.03% to 74% IE. All cases had a uniform
distribution of IE across intervillous spaces by histology.
Peripheral IE were detected by microscopy in 24 of
35 women with placental [E.

Past PM episodes were identified by placental pigment
deposition in 46 of 97 mothers negative for IE. Pigment
deposition was preatest in women with active (28.4 +
19.6% of fields; n = 33) compared with those with past PM
episodes (18.0% + 11.3% of fields; n = 39; P < .007).
Likewise, intervillous inflammation was more common
among women with active (26/35) compared with those
with past PM episodes (8/46). Inflammatory cells were
uniformly distributed across intervillous spaces in all cases,

The epidemiological pattern of PM that we observed
was typical of malaria-endemic areas [6]. However, in 1 of
97 women negative for IE by placental bloodsmear, a single

Fig. 2 Nested PCR for P falciparum 18s tRNA gene: 100-bp
ladder (lane 1}, the patient’s peripheral (lane 2) and placental blood
(lane 3), placental blood from an infected Tanzanian woman (lane
4), and peripheral blood from an uninfected subject (lane 5).

nidus of IE was observed in a single intervillous space by
histology. Her case is reported below.

3.1. Case report

In January 2004, a 20-year-old primigravida presented for
delivery. Her vital signs during admission for delivery were
as follows: temperature, 36°C; pulse, 74 beats per minufe;
respiratory rate, 22 per minute; and bloed pressure,
110/80 mm Hg. The patient reported receiving routine
intermittent presumptive treatment during pregnancy, con-
sisting of 2 doses of sulfadoxine-pyrimethamine, 1 each in the
second and third trimester to prevent malaria. Spontaneous
vaginal delivery of a 4.2-kg male infant was uneventful. The
newborn developed neonatal conjunctivitis 2 weeks after
delivery, which was successfully treated with antibiotics.

Giemsa-stained thin and thick smears of peripheral and
placental blood samples were negative for IE by microscopy.
However, histologic examination of 5-um cryosection from a
fresh frozen placental biopsy revealed a lone focus of 166 late
trophozoite and early schizont (mature) parasites in an
intervillous space (Fig. 1A). No additional parasites were
observed in this orin 15 subsequent sections. Malaria pigment
within fibrinoid was observed in 2.9% of fields, indicating a
past PM episode during this pregnancy. Her level of pigment
deposition was below the 10th percentile observed across all
women with past infections. Inflammatory cells were absent
in all fields examined. Polarized light demonstrated malarial
pigment within the parasites; however, adjacent tissue did not
have pigment and was histologically normal (Fig. 1B).
Peripheral and placental blood samples from this woman
did not yield a PCR-amplified 205-bp product using 2 uL of
packed erythrocytes per reaction (Fig. 2).

4. Discussion

We observed a single persisting nidus of P falciparum 1E
in a first-time mother with histologic evidence of a past PM
episode and a history of receiving presumptive malaria
treatment during pregnancy. Low placental IE densities were
also observed in other women, but in all those cases, IE
were distributed evenly throughout the placenta without a
localized nidus of sequestered IE.

The etiology of the lesion in this case is best explained as a
clonal population derived from a single sequestered IE that
multiplied through local reinvasion in a single intervillous
space. However, we cannot exclude that a cluster of dormant
IE persisted in this woman after clearance of other [E by drugs
or immune responses. No similar case has been reported.

Our proposed etiology requires that ring-stage (imma-
ture) 1E remain localized to a site of sequestration, which
challenges the prevailing view that ring-stage IE necessarily
circulate in the peripheral blood. Ring-stage IE have been
observed to be sequestered in brain capillaries [7] and to
adhere to mammalian cells in vitro [8]. In a study from
Malawi, ring-stage IE were enriched in placental blood in
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2 of 14 cases of PM [9]. In the MOMS Project, ring-stage 1E
have been the predominant 1E form in 5 of 114 cases of
active PM (data not shown). Qur observations support the
model proposed by Pouvelle et al [8] that a proportion of the
IE causing PM adhere throughout development, which may
account, in part, for the absence of peripheral IE observed
by microscopy in a proportion of women with placental IE.

The single nidus of IE raises the intriguing possibility of
a persistent or dormant blood-stage form of P falciparum.
P vivax liver-stage hypnozoites can be dormant for up fo
2 years, and P ovale also forms liver-stage hypnozoites.
Bleood-stage P malariae (which does not form liver-stage
hypnozoites} may recrudesce decades after the initial
infection [10], and the basis for this remarkable persistence
of blood-stage parasitemia is unknown. Like P malariae,
P falciparum does not form liver-stage hypnozoites, but a
single infection can yield multiple recrudescences after
intervening periods of subpatency. A latent form of
merozoites (which normally invade erythrocytes) has been
proposed to persist in the lymphatic network of rodents
infected with P yoelii, P chabaudi, or P vinckei [11],

This woman had an extraordinarily low-density para-
sitemia—no IE were detected in peripheral or placental
blood by either microscopy or by PCR amplification of
parasite DNA, This case suggests P falciparum malaria may
persist at densities as low as a single IE, which may initiate a
recrudescence. In endemic areas, such low-density infec-
tions could act as a reservoir of malaria during periods when
transmission by mosquitoes has ceased.
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Genome-Wide Expression Analysis of Placental Malaria
Reveals Features of Lymphoid Neogenesis during Chronic
Infection®
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Chronic inflammation during placental malaria (PM) is most frequent in first time mothers and is associated with poor
maternal and fetal outcomes. In the first genome-wide analysis of the local human response to sequestered malaria parasites,
we identified genes associated with chronic PM and then localized the corresponding proteins and immune cell subsets in
placental cryosections. B cell-related genes were among the most highly up-regulated transeripts in inflamed tissue. The B
cell chemoattractant CXCL13 was up-regulated >1,000-fold, and B cell-activating factor was also detected. Both proteins
were expressed by intervillous macrophages. Ig L and H chain transcription increased significantly, and heavy depositions
of IgG3 and IgM were observed in intervillous spaces. The B cell phenotype was heterogenous, including naive (CD27-
negative), mature (CD138-positive), and cycling (Ki-67-positive) cells. B cells expressed T-bet but not Bcl-6, suggesting T
cell-independent activation without germinal center formation. Genes for the Fc binding proteins FeyRIa, FeyRIIa, and
Clq were highly up-regulated, and the proteins localized to intervillous macrophages. Birth weight was inversely correlated
with transcript levels of CXCL13, IgG H chain, and IgM H chain. The iron regulatory peptide hepcidin was also expressed
but was not associated with maternal anemia. The resulis suggest that B cells and macrophages contribute to chronic PM
in a process resembling lymphoid neogenesis. We propoese a model where the production of Ig during chronic malaria may
enhance inflammation by attracting and activating macrophages that, in turn, recrnit B cells to further produce Ig in the

intervillous spaces. The Journal of Immunoclogy, 2007, 179; 557-565.

major cause of death for mothers and their offspring, with

the heaviest burden of disease occurring in first pregnan-
cies, PM is caused by infected erythrocyte {IE) forms that bind to
chondroitin sulfate A and sequester in the placenta (1}.

Active PM episodes are defined by the presence of IE in the
intervillous space. PM may present acutely with minimal inflam-
mation or chronically with extensive inflammation and malarial
pigment deposition (2). Chrenic PM is most closely associated
with maternal and fetal morbidity (3). Past PM episodes are de-
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fined by the persistence of malarial pigment (or hemozoin} in the
absence of IE.

First time mothers commonly suffer chronic PM characterized
by inflammatory infiltrates in the intervillous spaces and in¢reased
levels of type I cytokines (4) and 8 chemokines (5, 6). The inter-
villous infiltrate consists primarily of macrophages with a smaller
number of T cells, B cells, and granulocytes (7). This infiltrate can
sometimes become so extensive that it appears to occlude the mater-
nal circulation, a condition called massive chronic intervillositis (8).

Women become resistant to0 PM over successive pregnancies as
they acquire Abs that inhibit the binding of placental parasites to
chondroitin sulfate A (9). These Abs are associated with a de-
creased risk of PM and increased birthweight and gestational age
of the newborn (10). Abs that label laboratory parasites selected to
bind chondroitin sulfate A also increase over successive pregnan-
cies (11, 12), are elevated during infection (I1), and have been
associated with protection against anemia in first time mothers
with chronic PM (13). First time mothers with active PM have
elevated levels of total IgG and IgM (14), but these do not inhibit
the binding of placental parasites (9) and this latter observation
may explain the slow clearance of parasites from these women
(15). In women without specific immunity, phagocytic cells may
play a more prominent role in clearing parasites (16).

Abs can damage tissue. During type III hypersensitivity reac-
tions as defined by Coombs and Gell (17), imunune complexes
deposit in tissue and activate phagocytic cells and complement.
Immune complexes play a role in chronic inflammatory diseases
such as rheumatoid arthritis (18) and Lyme arthritis (19), and the
macrophage Fc receptor FeyRIlla (CD16) is necessary in sponta-
neous murine autoimmune arthritis (20). Malaria has been associ-
ated with circulating immune complexes (21), and Ig and parasite
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Table I.  Primers used in this study

Product
Primer Size
Target Type Primers (bp)
IGGH Forward CAAGTGCAAGGTCTCCAACA 138

(all isotypes) Reverse AGGCTGACCTGGTTCTTGGT

IGMH Forward ACCAGCACACTGACCATCAA 186
Reverse GGTGGACTTGGTGAGGAAGA
IFNG Forward TGACCAGAGCATCCAAAAGA 147
Reverse TGTATTGCTTTGCGTTGGAC
ILIB Forward CTGTCCTGCGTGTTGAARAGA 178
Reverse CTGCTTGAGAGCTGCTGATG
ILI8 Forward TGCATCAACTTTGTGGCAAT 220
Reverse ATATGGTCCGGGGTGCATTA
TNF Forward CACGCTCTTCTGCCTGCT 161
Reverse CAGCTTGAGGGTTTGCTACA
BAFF Forward CGTTCAGGGTCCAGAAGARA 115
Reverse AAAGCTGAGAAGCCATGGAA
Hepcidin Forward GACCAGTGGCTCTGTTTTCC 193
Reverse CTACGTCTTGCAGCACATCC
CXCLI1o Forward CCACGTGTTGAGATCATTGC 180
Reverse CCTCTGTGTGGTCCATCCTT
CXCLS Forward GAAGCAGCCAAGTCGGTTAG 75
Reverse TGGAAGGAGGTTTCCACATC
CXCLi13 Forward GGGAATGGTTGTCCAAGAAA 213
Reverse CAGAGCAGGGATAAGGGAAG
CXCLIG Forward GCCCTTTCCTATGTGCTGTS 121
Reverse AGCTTCCATTCTTGGCTCAG
CCLS Forward CGCTGTCATCCTCATTGCTA 196
Reverse ACACACTTGGCGGTTCTTTC
CCL4 Forward CTTCCTCGCAACTTTGTGGT 88
Reverse GCTTGCTTCTTTTGGTTTGG
CCLI8 Forward CCTGGCAGATTCCACAAAAG 126
Reverse CCCACTTCTTATTGGGGTCA
KRT7 Forward GGCTGAGATCGACAACATCA 103

Reverse CTTGGCACGAGCATCCTT

Ag depositions have been observed in the basement membrane of
endothelial cells during cerebral malaria (22) and in that of tro-
phoblast during PM (23). Serum Ig is elevated during PM (14), yet
the relationship between Ig and inflammation during PM is not
known, nor has Fc receptor expression been examined in the abun-
dant macrophages that accumulate in the placenta.

Lymphoid neogenesis is the process that results in the ectopic
accumulation of lymphoid cells in chronically inflamed tissues.
These cellular accumulations, known as tertiary iymphoid organs,
have been observed in inflamed tissue resulting from autoimmu-
nity, allograft rejection, and some microbial infections (24). In-

Table Il. Antibodies used in this study

Host Anligen Dilution Manufacturer
Mouse FeyRIII (CD16) 17500 Chemicon
Mouse FeyRI (CD64) 17500 Chemicon
Mouse CDI138 1/1,000 Chemicon
Mouse = CXCL13 1450 R&D Systems
Mouse BAFF 1/500 1D Labs
Mouse IgG3-HRP 1/500 Zymed Laboratories
Goat IgM-HRP 1/1,000 Chemicon
Rabbit Clg 120,000 DakoCytomation
Rabbit Hepcidin 17200 Alpha Diagnostics

(hepel2A)
Rabbit CD79a 1/100 NeoMarkers
Mouse D27 1450 Chemicon
Mouse Ki-67 17200 DakoCytomation
Mouse T-bet 17200 Santa Cruz
Biotechnology

Mouse Bcl-6 1/50 Chemicon
Mouse Isotype (IgG1) 1/50 eBiosciences

Table IIl. Clinical characteristics of women who donated samples
examined for global gene expression

PM-Ncgative PM-Positive p Valuc
Age (years) 22503.0 19.6 (1.8) 0.018
Infant weight (kg) 3.22(031) 230(0.26) 0.006
Female infants (n) 4/10 6/10 0.498
Placental parasite 0 1.5 (0.6-63) Nab

density (%)"

Pigment-positive () 5/10 10/10 NA®
Inflammation-positive {rn) /10 710 0.01

“ Percenlage of {E.
#Nod applicable.

flammatory cytokines, lymphoid chemokines, and various devel-
opmental stages of B cells are features of tertiary lymphoid organs
during rheumatoid arthritis (25), Sjogren’s syndrome (26), and
Lyme borreliosis (27). The lymphoid chemokine CXCL13 is che-
motactic for B cells expressing the Burkitt’s lymphoma receptor
CXCRS and is essential for lymph node development in mice (28).
CXCL13 expression has been associated with lymphoid neogen-
esis in autoimmune diseases (26, 27, 29) and during Helicobacter
pylori and Bartonella henselae infection (30, 31). Although B cells
contribute to the placental infiltrate during PM, no reports have
characterized the B cells nor has CXCL13 been examined in ma-
laria-infected individuals.

Genome-wide expression analysis of the host response during
malaria infection has been examined in animal models of malaria
infection (32, 33) and in human peripheral blood (34, 35). P.C.C.
Garnham regarded the changes observed in the peripheral blood to
be “merely a mild reflection of the real mechanism occurring in the
internal organs” during P. falciparum infections (16). In this study
we report the first genome-wide analysis of malaria-positive tissue
in humans that reveals features of lymphoid neogenesis during
chronic PM. The data suggest that macrophage CXCL13 expres-
sion, B cell recruitment, local Ab production, and Ab-mediated
activation of phagocytes contribute to the pathogenesis of chronic
placental malaria.

Materials and Methods

Human subjects

Placental samples and clinical information were provided by Tanzanian
women aged 18 to 45 years delivering at the Muheza Designated District

1 Fold Change %6
B = rizcental metaria [ = inflammation

FIGURE 1. Hierarchical clustering of 728 probes associated with PM
and hierarchical clustering of samples. Data are presented as fold change
over the mean of PM-negative samples.
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Table IV. Expression data for selected genes up-regulated during inflammation (>2.5 fold change
and p << 0.04)

No. of Fold
Gene Name Gene Symbol Probes p Value Change

Chemokine-related

Chemokine {CXC moitif) ligand 13 CXCL13 1 8.77E-08 129.3
Chemokine {CC motif) ligand 18 CCLIS8 2 2.53E-10 473
Chemokine (CXC motif) ligand 9 CXCLY 1 6.43E-09 32.0
Chemokine (CC motif) ligand 3 CCL3 1 6.03E-06 13.7
Chemokine (CC motif) ligand 4 CCL4 1 1.27B-04 13.5
Chemokine (CXC motif) ligand 10 CXCLIO 1 1.56E-04 8.1
Chemokine (CX3C motif) receptor | CX3CR} 1 9.05E-04 55
Chemokine (CC motif} ligand 5 CCLS 3 2.25E-03 43
Chemokine (CXC motif) ligand 16 CXCLI6 1 381E-07 4.1
Chemokine (CC motif) receptor 5 CCRS t 1.72E-04 4.1
Chemokine (CC motif) receptor | CCRI 2 3.48E-03 2.8
Cytokine-related
BAFF (TNF (ligand) superfamily, member 13b) TNFSFI3R 2 6.92E-09 8.7
IL-1R antagonist ILIRN 1 5.44E-04 53
IL-10R o ILIORA 1 3.79E-05 39
IL-18 iLIB 1 2.49E-03 36
1L-18 (IFN-+y -inducing factor) 1L18 1 8.29E-05 3.4
TNF (ligand) superfamily, member 13 TNFSFI3 1 T.91E-05 29
Caspase |1 (IL-1B, convertase) CASPI 1 3.80E-03 26
Immunoglobulin
IgA locus IGL 4 5.51E-06 33.0
Igk locus IGK [ 1.26E-05 250
Ig heavy locus IGH 1 1.54E-04 11.8
Ig J polypeptide G 1 4,18B-04 8.1
Fc receptor
Fc fragment of IgG, low affinity IIla, receptor FCGR3A 1 8.98E-06 6.1
(CD16a)
Fc fragment of IgE, high affinity I, receptor for; FCERIG 2 1.05E-04 43
¥ polypeptide
Fc fragment of IgG, low affinity IIIb, receptor FCGR3B 1 1.36E-03 31
(CD16b)
Fc fragment of IgG, high affinity Ia, receptor FCGRIA 2 1.46E-03 29
{CD6)
Complement
Complement component 1, q subcomponent, 3 CiQRB 1 3.82E-05 3.6
polypeptide
Complement component 3a receptor 1 C3ARI 1 6.51E-05 3.2
Complement component 3 c3 1 3.14E-04 3.0
Complement component 5 receptor 1 (C5a) C5Ri 1 4.00E-03 29
Complement component 1, q subcomponent, vy Cl1QG 1 4.06E-04 2.8
polypeptide
Complement component t, q subcomponent, a CIQA I 5.90E-04 2.7
polypeptide
B cell expressed
Regulator of G protein signaling 1 RGS1 2 1.41E-06 11.9
Protein kinase C, 8 I PRKCBI 1 2 48E-06 8.6
CD48 Ag (B cell membrane protein) CD48 1 1.95E-07 8.5
SAM domain, SH3 domain and nuclear SAMSNI 2 6.23E-05 6.9
localization signals, 1
CDT2 Ag CDh72 1 4.84E-04 4.4
CD37 Ag CD37 1 1.48E-04 39
Bruton agammaglobulinemia tyrosine kinase BTK 1 1.58E-04 26
T cell expressed
SLAM family member 7 SLAMF7 t 3.70E-05 1t.4
Granzyme A (CTLA3) GZMA 1 1.51E-04 7.1
TCR « locus TRA 2 2.64E-04 6.8
TCR B locus TRBI 2 1.05E-04 6.0
Pleckstrin homology, Sec7 and coiled-coil PSCDBP 1 6.00E-07 54
domains, binding protein
Fibrinogen-like 2 FGL2 1 2.58E-05 4.6
CD2 antigen cD2 1 2.87E-03 42
TCR +y locus TRG 2 3.05B-03 4.1
Granzyme B (CTLA1) GZMB 1 5.34E-03 3.6

(Table continues)
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Table IV, (Continued)
Ne. of Fold
Gene Name Gene Symbol Probes p Value Change
Macrophage expressed
Sialic acid binding Ig-like lectin 10 SIGLECIO 1 3.17E-10 216
ADAM-like, decysin 1 ADAMDECI 1 9.50E-08 13.2
Epidermal growth factor-like module containing,  EMR! 1 6.15E-07 12.8
mucin-like, hormone receptor-like 1
Epidermal growth factor-like module containing,  EMR2 1 2.35E-06 74
mucin-like, hormone receptor-like 2
SLAM family member 8 (BLAME) SLAMFS 2 5.18E-06 5.7
CD86 antigen (CD28 antigen, B7-2 antigen) CD36 1 5.35E-05 53
C-type lectin domain family 7, member A CLEC7A 1 1.38E-04 43
macrophage receptor with collagenous structure MARCO 1 1.29E-04 39
CD163 Ag CD163 2 3.53E-04 38
Myeloid cell nuclear differentiation antigen MNDA 1 3.84E-04 32
Macrophage expressed gene | MPEG! 2 4.99E-03 31
Ficolin 1 FCN{ 1 3.75E-03 3.1
Chitinase 3-like 1 CHI3LI i 1.93E-03 3.0
Antigen presentation
MHC, class I, DQ o 1 HLA-DQAT 3 1.42E-07 374
MHC class II, DP £ | HLA-DPRI ] 1.45E-08 14.0
MHC class II, DP o | HLA-DPA! 2 3.62E-07 12.3
MMHC, class I, DM « HLA-DMA l 2.55E-(17 i1.8
MHC class II, DQ 1 HLA-DQBI 6 1.08E-04 10.9
MHC, class II, DR « HIA-DRA 2 2.65E-08 10.2
MHC, class I[, DR 8 1 HLA-DRB! 4 5.73E-08 10.1
Proteaseme subunit, 3 type, 9 PSMBY 1 1.31E-05 6.0
Cathepsin S CTSS 3 3.74E-06 7.9
MHC, class II, DR 8 3 HLA-DRBS 1 3.66E-07 6.6
CD74 antigen ch74 2 1.09E-06 5.8
MHC, class II, DM HIA-DMB 1 6.57E-00 3.3
Pattern recognition
TLR-8 TLR8 2 1L10E-07 12.6
Formyl peptide receptor-like 2 FPRL2 2 5.24E-08 12.2
TLR-1 TLRI 1 5.61E-06 58
TLR-2 TLR2 1 1.58E-05 54
Formyl peptide receptor 1 FPRI 1 5.46E-04 33
TLR-4 TLR4 2 1.12E-03 2.9
Redox related
Superoxide dismutase 2, mitochondrial s0D2 2 3.95E-06 79
Cytachrome b-245, 8 polypeptide CYBB L 2.02E-04 4.4
Cytochrome b-245, e polypeplide CYBA 1 2.66E-05 28
Heme oxygenase {decycling) 1 HMOX] 1 2.16E-04 26
Intercellular adhesion
Epidermal growth factor-like module containing, = EMR2 1 2.35E-00 7.4
mucin-like, hormone receptor-like 2
Integrin, B, (Ag CD18) ITGB2 2 1.27E-06 6.0
Integrin, oy (Ag CD11A) ITGAL 1 1.78E-04 4.1
Other
Serpin peptidase inhibitor, clade Al SERPINAI 2 2.50E-08 1.3
Adenosine deaminase ADA 2 1.53E-06 7.2
Lysozyme (renal amyloidosis) LYZ 2 3.14E-04 7.1
Prostaglandin E receptor 4 (subtype EP4) PTGER4 1 246E-06 6.2
Hepcidin antimicrobial peptide HAMP 1 2.30E-05 4.0
Leukotriene A4 hydrolase LTA4H 1 2.35E-05 33
Ferritin, heavy polypeptide | FTHI 1 8.12E-07 2.8

Hospital, Muheza, Tanga region, in an area of intense malaria transmission.
These women were participating in a birth cohort study known locally as
the Mother-Offspring Malaria Study. Women signed an informed consent
form before joining the study, and those with chronic debilitating disease
were excluded. Clinical information was collected by project nurses and
assistant medical officers on standardized forms. Study procedures involv-
ing human subjects were approved by the International Clinical Studies
Review Committee of the Division of Microbiology and Infectious Dis-
eases at the UJ.S. National Institutes of Health, and ethical clearance was
obtained from the institutional review boards of Seattle Biomedical Re-

search Institute (Seattle, WA) and the National Institute for Medical Re-
search in Tanzania.

Sample processing

The placenta was collected at delivery, and a full thickness biopsy from the
middle third of the placental disc was made. Tissue was fresh frozen in
liquid nitrogen or collected in RNAlater (Ambion) and stored at —80°C.
Placental blood was extracted from placental tissue by mechanical grind-
ing. Placental malaria was diagnosed by microscopy of Giemsa-stained
thick and thin smears of placental blood.
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Table V. Validation of array data by guantitative RT-PCR

PM-negalive (n = 22) compared with

PM-Positive with (++)

PM-Pasitive (19)

Intervillositis (5)

Gene Fold change p Value Fold Chunge p Value
CXCL13 46 <0.001 1242 <0.001
CCLI8 11 <0.001 67 <0.001
IGGH 3 0.007 51 <0.001
HEPC 53 <0.004 38 <0.001
IFNG 42 0.001 37 <0.001
IGMH 22 0.008 34 <{.001
TNF 5.1 <0.001 19 <0.001
CCL4 4.5 <0.00t 17 <0.001
CXCLY9 29 0.006 14 <20.001
ILiB 4.3 <0.001 13 <0.001
CCLS 1.5 0.034 9.4 <0.001
ILi8 2.1 <0.001 8.4 <0.001
CXCLIO 1.8 0.062 8.2 0.003
BAFF 1.8 0.006 6.1 <0.001
CXCLI6 1.9 <{.001 3.5 <0.001

Placental histopathology

For histologic analysis, 5-um cryosections of placental tissue were fixed in
methanol and Giemsa stained. Sections were assessed by examining >%0
fields per section at X 60 magnification. Hemozoin deposition in fibrinoid was

r
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quantified by determining the proporiion of fields with hemozoin present. Im-
mune infiitrates within the intervillous spaces were gualitatively scored as
negative (—) for none or very few inflammatory cells present, positive (+) for
inflammatory cells present, and double positive (+ +) for having an extensive
accumulation of inflammatory cells, i.e., massive chronic intervillositis.

Microarray analysis

For microarray analyses, placental villi were dissected at <<0.5 mm?, ex-
cluding large vessels, stem villi, infarcts, fetal membranes, or decidua from
RNAlater-preserved placental tissues. Total RNA was extracted using
RNeasy mini kits (Qiagen). RNA quality was assessed by an Agilent 2100
bioanalyzer, resulting in 28- to 18-s ratios of 1.1 to 1.5. Microarray assays
were performed at the Center for Expression Arrays at the University of
Washington (Seattle, WA). Biotinylated target cRNA was prepared and
hybridized to Affymetrix Human Genome U133 Plus 2.0 GeneChip with
minor modifications from the procedures recommended by Affymetrix.
First-strand cDNA was produced by 5 ug of total RNA using a T7-linked
oligo{dT) primer. In vitro transcription reaction was performed using bi-
otinylated UTP and CTP. Fifteen micrograms of cRNA was fragmented, a
hybridization mixture was assembled with the addition of spike-in controls,
and chips were hybridized for 16 h. The chips were then washed and stained
with streptavidin-PE using the Affymetrix GeneChip system and scanned us-
ing the GeneChip scanner. Transcription profiles were defined by GeneChip
operating system {GCOS) absolute expression analysis. Data were normalized
by the GeneChip robust multiarray analysis (GC-RMA) algorithm and then
analyzed by ¢ test and hierarchical clustering with Acuity 4.0 (Axon).

Quantitative RT-PCR

For quantitative PCR, total RNA was extracted from frozen cryosections
using RNeasy mini kits (Qiagen). The RNA quality of representative
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®

FIGURE 3. Correlation of gene
expression by quantitative RT-PCR

to placemal malarial pigment deposi-
lion (preportion positive fields) by
microscopy. Only infected women
were analyzed. Gene expression for
IgG (A}, IgM (B), CXCLI13 (C), and
BAFF (D) is presented as 2-fold ex-
pression over KRT7. Simple regres-
sion analysis was used to calculate R
and p values.

% pigmented fields
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D -

5
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2 p=0.001
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samples was assessed by an Agilent 2100 bioanalyzer, resulting in 28- to
18-s ratios of 1.1 to 1.5. ¢cDNA was synthesized using a SuperScript III
enzyme (Invitrogen Life Technologies) and anchored oligo(dT),, primers.
Real-time PCR was performed in duplicate using SYBR Green Master Mix
and an ABI Prism 7000 or 7500 system (Applied Biosystems). The an-
nealing temperature was 60°C. Intron-spanning primers (except those for
CXCL9, which comprise a single exon) were designed using Primer3
(Massachusetts Institute of Technology, Cambridge, MA). Primers for
TNF were a gift from A. Collie (University of Washington, Seattle, WA).
Primers are listed in Table I. All primers yielded single preducts, and
amplification was linear on serial dilutions of cDNA samples. Threshold
cycles (Cy) were calculated and normalized to the Cp of KRT7 (a gene
expressed by the trophoblast, not inflammatory cells) and f tests were per-
formed on normalized Cy values. Data is presented as the fold difference
from the control gene, calculated by 2(°°™! €T = gene £

Immunohistochemistry

For immunohistochemistry, 5-pm cryosections were fixed for 10 min in
- 4% paraformaldebyde (for CXCL13, IgG3, IgM, Clqg, and hepeidin) or
acetone (for CD16, CD64, CD138, and B cell activating factor (BAFF)).
Abs and dilutions are listed in Table II. Indirect staining was performed
using an anti-mouse or anti-rabbit diaminobenzidine (DAB) EnVision+ kit
(DakoCytomation) according to manufacturer’s directions. Direct staining
was performed for IgG isotypes and IgM on sections blocked with species-
concordant serum. For immunofluorescence studies, tissue was fixed for 10
min in 4% paraformaldehyde and then Alexa Fluor 488 chicken anti-mouse
(Molecular Probes) or tetramethylrhodaming isothiocyanate goat anti-
rabbit (Sigma-Aldrich) were used as secondary Abs. The sections were
stained with 4',6'-diamidino-2-phenylindole (Sigma-Aldrich) to define
nuclei, mounted in 80% glycercl, and visualized using a fluorescent
microscope.

Results

For global gene expression analysis, placental samples from 20
first time mothers were selected based on PM status and RNA
quality. Ten had active PM episodes, and of the ten PM-negative
wonen five had evidence of a past PM episode. Clinical charac-
teristics of the women are summarized in Table II1,

A normalized dataset was generated. Hierarchical clustering
was performed to identify coregulated genes. We detected a
group of 752 probes (correlation coefficient, 0.870) representing
528 coexpressed genes (Fig. 1) that were related to PM status.

B 6 -4 -2 0

2
CXCL13

4 [ 8 25 2 45 A 5 1 t5 2

-5 0
BAFF

These included genes previously identified to be involved in
PM such as IFNG, TNF, CCL3, CCL4, and CCLS5. In analysis
limited to these 752 probes, hierarchical clustering separated
the samples from women with placental inflammation from
those without placental inflammation (Fig. 1). Samples from
three women with active PM but minimal inflammation clus-
tered with PM-negative samples. In addition, one sample from
a woman with a past PM episode possessed inflammatory cells
and clustered with the active PM inflamed samples. The pla-
cental blood smear from this subject was re-examined and con-
firmed to be negative for IE. Samples from the other four
women with past PM episodes clustered with the other PM-
negative samples. No coexpressed genes were identified that
correlated with percentage of IE or with the levels of malaria
pigment deposition. These data suggest that the transcriptional
changes observed during PM are more closely related to pla-
cental inflammation than to parasitemia or pigment deposition.

Statistical testing for differences in gene expression between
seven PM-positive women with inflammation vs nine PM-negative
women without inflammation revealed 314 probes representing
234 genes that were at least 2.5-fold elevated with p << 0.01 (see
supplemental table).* For each of these probes, mean intensity was
above the 25th percentile of all probe intensities. Probe data for
[FN-y and TNF did not meet these criteria. The most up-regulated
gene was CXCLI3 at 130-fold, followed by CCLI8 at 47-fold,
HLADQAL at 37-fold, IgA at 33-fold, CXCL9 at 32-fold, and Igk
at 25-fold. Genes associated with the immune response, particu-
larly with B cell, T cell and macrophage function were identified.
Selected genes are listed in Table 1V,

‘We validated the expression of a subset of genes by quantitative
RT-PCR over a larger group of samples (Table V). Primers for the
IgG H chain were designed to amplify all IgG classes. The level of
gene expression correlated with the level of inflammation for all
genes analyzed, including TNF and JFNG. Remarkably, CXCL13

#The online version of this article contains supplemental material.
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FIGURE 4. Immunohistochemistry
of inflamed PM-positive tissues for
IsM (A), IgG3 (B), CD138, a plasma
cell marker (C), FeyRIIL (CD16) (D),
FeyRI (CD64) (E), Clq (F), BAFF
(G), CXCLI13 (#), and hepcidin
(f}. All fields are X200 (original
magnification).

was >>1,000-fold up-regulated in the placentas of women with
massive chronic intervillositis. Of the genes examined by quanti-
tative RT-PCR, CXCL13, IGGH, and IGMH were disproportion-
ately increased (27-, 17-, and 15-fold, respectively) in massive
chronic intervillositis compared with other PM-positive samples.

FIGURE 5. B cell phenotype analysis by double indirect immunofiuo-
rescence using CD79a to identify B celis (red), a second marker (green),
and 4',6'-diamidino-2-phenylindole to define nuclear DNA (blue). A and
inset, CD27. B, Ki-67. C, T-bet. D, Bel-6. All fields are X400 (original
magnification).

Several genes, including /gG, IgM, BAFF, CXCLI3, CCLIS,
and hepcidin were negatively correlated with birthweight in PM-
positive women (Fig. 2). Maternal hemoglobin did not correlate
significantly with the placental hepcidin transcript level (R =
—0.143, p = 0.392, n = 38). Several genes, notably IgG, IgM,
CXCL13, and BAFF, were correlated with the degree of malarial
pigment deposition (Fig. 3), a pathologic feature that reflects the
chronicity of infection in PM-positive women.

By immunohistochemistry, IgG3 and IgM stained strongly in
the intervillous space of PM-positive placentas and were associ-
ated with macrophages (Fig. 4). IgG1 and IgG4 levels were not
elevated and IgG2 was moderately elevated (data not shown). In-
filtrating macrophages stained positively for the Fc¢ receptors
FeyRIIla (CD16), FeyRla (CD64), and Clg. Macrophages also
stained positively for CXCL13 and BAFF. Because of the high
level of Ig transcription we tested for plasma cells and identified
CD138-positive cells present in the intervillous space during
chronic placental malaria, but not in uninfected women. The vil-
lous trophoblast also stained positive for CD138, a marker also
expressed by epithelial cells including trophoblasts (36).

We further characterized the B cell population in chronic PM
using double indirect immunofluorescence (Fig. 5). B cells were
identified using CD79a. The majority of B cells were CD27 negative
suggesting a naive phenotype, although CD27-positive cells were
present (Fig. 5A, inset). Furthermore, a population of B cells ex-
pressed the mitotic marker Ki-67. The transecription factor T-bet was
also expressed by a subset of B cells. B cells did not express Bel-6,
although it was observed in other cell types during chronic PM.

Discussion

The inflammatory response to sequestered P. falciparum parasites
is thought to play a key role in the development of severe malaria
syndromes. This is the first study to examine the transcriptome of
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the local response to sequestered parasites in humans. The results
highlight a hitherto unappreciated role for B cells during episodes
of chronic inflammatory PM that echo features of lymphoid neo-
genesis, including macrophage CXCL 13 expression, the accumu-
lation of naive B cells, cyciing B cells, abundant plasma cells, and
IgM and IgG synthesis.

Malaria infection is associated with B cell pathology, including
hypergammaglobulinemia (37), autoantibedy production (38), and
circulating immune complexes (21, 39). Malaria also has a strong
geographic overlap with Burkitt's lymphoma, a B cell neoplasm
(40}, Hyperreactive malarial splenomegaly is marked by elevated
levels of IgM and antimalarial Abs (41), and total serum Ig levels
(14) and immune complex deposition (23) increase during PM.
The mechanism of B cell dysfunction during PM may involve the
accumulation of CD27-negative naive B cells in the placenta and
their subsequent activation to produce nonspecific Abs. Activation
may involve a T cell-independent Ig class switch, as evidenced by
T-bet expression (42). In our study, B cells were not aggregated in
follicular structures and did not express the germinal center marker
Bcl-6. Similarly, T-bet expression but not Bcl-6 expression has
been observed in B cell infiltrates of B, henselae granulomas (31).

QOur data suggest that Ig and macrophages interact to contribute
to the pathology in first time mothers with chronic PM. We pro-
pose a model in which P. falciparum Ag-Ab complexes in the
intervillous space activate monocytes through Fcy receptors
(CD16 and CD64) and complement Clq. Macrophages stained
positively for IgG3 and IgM, suggesting phagocytic uptake. Mac-
rophage expression of CXCLI3 and BAFF may contribute to B
cell accumulation and Ig synthesis. We speculate that further Ig
synthesis activates additional monocytes, thus generating a pro-
inflammatory feedback loop. Such a proinflammatory feedback
loop, involving B cells and macrophages, may be a general phe-
nomenon during malaria infection because hypergammaglobuline-
mia and circulating immune complexes are also features of malaria
in nonpregnant individuals. Although cur data suggest a pathologic
role for the B cell infiltrate during severe malaria, they do not
exclude the possibility that these B cells may eventually lead to
parasite clearance.

We observed the up-regulation of several genes, in addition to
CXCLI3, that are associated with chronic inflammation. Elevated
levels of the chemokines CCL18 (43), CXCL16 (44), and CXCL9
(45) have also been observed in tertiary lymphoid organs and may
recruit lymphocytes to the site of inflammation. Like CXCL13,
CCL18 is expressed in germinal centers and attracts naive lym-
phocytes (43). The chemokines CXCLI16 and CXCL9 attract
plasma cells (46, 47). BAFF promotes B cell survival and its over-
expression in mice leads to hypergammaglobulinemia and autoan-
tibody production (48). IL1b and IL18 are primary drivers of in-
flammation in mice, are elevated during chronic autoimmune
diseases of humans, and are therapeutic targets in rheumatoid ar-
thritis (49, 50).

The type I cytokines TNF and IFN-vy are involved in the im-
mune response to PM (4). TNF regulates CXCL13 expression in
some models and may be upstream of CXCL13 during PM. TNF
is necessary for experimental follicle formation (51) and stimulates
dendritic cell CXCL13 production (52). We also observed evi-
dence of type I differentiation in B cells. IgG3 was the predomi-
nant IgG isotype observed, and a subset of B cells expressed T-bet,
which is induced by IFN-v and is necessary for type I differenti-
ation (53).

The pathways identified in this study should be examined in
other severe malaria syndromes, as they may be general phenom-
ena during malaria infection. In addition, multiple soluble mole-
cules that we identified by microarray analysis have potential use

as biomarkers for diagnosing or assessing the severity of P. falci-
parum infections. Hepcidin is a ¢cytokine-induced peptide that is a
key mediator of the anemia of inflammation (54). We detected
hepcidin expression in intervillous macrophages during chronic
malaria infection, although in the present study hepcidin was not
associated with hemoglobin concentration,

In summary, our results suggest that macrophage CXCL13 ex-
pression, B cell recruitment, Ab synthesis, and Ab-mediated acti-
vation of phagocytes contribute to the pathogenesis of chronic pla-
cental malaria, echoing features of lymphoid neogenesis. These
findings may explain how malaria causes B cell dysfunction, as
well as the high levels of Ig that develop during chronic infection.
Future studies should assess whether the activation of immature B
cells at the site of sequestered parasites may also interfere with the
acquisition of protective immunity to malaria.
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Background.  Plusmodium falciparum-infecred erythrocytes adhere to chondroitin sulfate A {CSA) to sequester
in the human placenta, and pregnancy malaria (PM) is associated with the development of disease in and the
death of both mother and child. A PM vaccine appears to be feasible, because women become protected as they
develop antibodies against placental infected erythrocytes (IEs). Two IE surface molecules, VAR1CSA and VAR2CSA,
bind CSA in vitro and are potential vaccine candidates.

Methods. We expressed all domains of VARICSA and VAR2CSA as mammalian cell surface proteins, using a
novel approach that allows rapid purification, immobilization, and quantification of target antigen. For serum
samples from East Africa, we measured reactivity to all domains, and we examined the effects of host sex and
parity, as well as the effects of parasite antigenic variation.

Results.  Serum samples obtained from multigravid women had a higher reactivity to all VAR2CSA domains
than did those obtained from primigravid women or from men. Conversely, serum samples obtained from men
had consistently higher reactivity to VARICSA domains than did those obtained from gravid women. Seroreactivity
was strongly influenced by antigenic variation of VAR2CSA Duffy binding-like domains.

Conclusions. 'Women acquire antibodies to VAR2CSA over successive pregnancies, but they lose reactivity to
VARICSA. Serum reactivity to VARZCSA is variant specific, and future studies should examine the degree to which

functional antibodies, such as binding-inhibition antibodies, are variant specific.

Plasmodium falciparum parasites sequester in the hu-
man placenta [1], and pregnancy malaria (PM) is as-
sociated with the development of disease in and the
death of both mother and child [2-5]. Previous studies
identified chondroitin sulfate A (CSA) as a major re-
ceptor molecule for sequestration of infected erythro-
cytes (IEs) in the placenta [6]. Malaria parasites variably
express antigens on the IE surface that bind a variety
of endothelial receptors |7, 8], including CSA. PfEMP1
is a variant surface antigen family encoded by ~60 var
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genes per malaria parasite genome [9], and these pro-
teins have been implicated in a number of binding
interactions. The sequences of var genes vary substan-
tiatly within and between genomes, PfEMP1 forms are
expressed in a mutually exclusive manner [10], creating
extensive antigenic variation and the potential for mul-
tiple adhesion profiles. This variation is a major obsta-
cle to the development of a PEEMP1-based antimalarial
vaccine,

Resistance to PM increases over successive pregnan-
cies [3] as women acquire antibodies against placental
parasites. Serum samples obtained from immune mul-
tigravid women, but not those from rmen, can inhibit
binding of placental IEs to CSA [11], even IEs collected
in distant geographic regions. This serum activity is
related to protection from infection and disease during
pregnancy (12, 13]. Two PIEMP] molecules, VAR1CSA
and VAR2ZCSA, have been implicated in PM and are
potential vaccine candidates (reviewed in [14]). Both
are large molecules of >>350 kDa with 7 and 6 distinct

Antibody Responses to VARICSA and VAR2CSA
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Duffy binding—like (DBL) domains, respectively, and each is
extensively cross-linked by disulfide bonds.

To study the role of these molecules in protective immunity,
we expressed all domains of VARICSA and VAR2CSA on the
surface of mammalian cells as green fluorescent protein (GFP)
fusion proteins, by use of a novel vector that allowed rapid
purification, immobilization, and quantification of antigen. We
prepared arrays of individual VARICSA and VAR2CSA do-
mains from laboratory strains and field isolates, and we tested
their immunoreactivity by use of serum samples obtained from
East African donors, to determine the effects of host sex and
parity, as well as the effects of parasite antigenic variation, on
antibody recognition.

MATERIALS AND METHODS

Vector for the expression of malaria antigens on the surface
of mammalian cells, The DNA sequence encoding enhanced
GFP (EGFP) was excised from pEGFP-N1 (Clontech) by means
of Xhol/Notl digestion. The sequence enceding the transmem-
brane and cytoplasmic (TMC) domains of the rat surface re-
ceptor megalin [15] was amplified by use of reverse-transcrip-
tion polymerase chain reaction (PCR) performed using forward
and reverse primers with EcoRI and Xhol sites at their 5 ends,
respectively (forward primer: 5-TTTGAATTCCTCCAGGGA-
CGACAATGGCTGTT-3 reverse primer: 5-TTTCTCGAGTA-
CGTCGGATCTTCTTTAACGAG-3'). The sequence then was
digested with EcoRI and Xhol. Plasmid vector pSecTag2C (In-
vitrogen) was digested with BamHI and EroRI and then was
ligated to a double-stranded (ds) oligonucleotide adaptor
(AdEx) with a multicloning site created by annealing 2 single-
stranded (ss) oligonucleotides: 5-GATCCTTAAGTCCGGAG-
GCGCCTCTAGACTTAACGG-3 and ¥-AATTCCGTTAACT-
CTAGAGGCGCCTCCGGACTTAAG-3". The resulting vector
was digested with EcoRI and Xhol and then was ligated to the
megalin TMC fragment described above. This construct, in
turn, was digested with Xhol and Bspl20l and was ligated to
the EGFP fragment, The resulting vector was digested with Xhol
and Agel to remove double-digestion sites, and it then was
ligated to a ds oligonucleotide adaptor (created by annealing
the following 2 ss oligonucleotides: 5~ TCGAGCTGAAGCTTC-

GAATCCTGCAGTCGACGGTACCGCGGGCCCGGGAC-
CCA-3" and 5-CCGGTGGGTCCCGGGCCCGCGGTACCG-
TCGACTGCAGGATTCGAAGCTTCAGC-3) that introduced
peint mutations to eliminate unwanted restriction sites. The
resulting vector, known as “pAdEx,” was used to clone and
express the P. falciparum antigens described in the present study
(fignre 1). The integrity of the construct was verified by re-
striction digestion and sequencing.

Cloning malaria antigen genes into the pAdEx vector.
DNA encoding each antigen was amplified by PCR from strain
FCR3 and strain 3D7 P falciparum genomic DNA or from
cloned placental parasite sample 661 cDNA {see below), by use
of PCR performed using primer pairs with appropriate restric-
tion enzyme sites (table 1}. After PCR was performed, amplified
DNA fragments and the pAdEx vector were digested, ligated,
and cloned, The integrity of each construct was verified by
sequencing,

Cloning and sequencing of var2csa from placental parasite
sample 661.
cental intervillous blood sample obtained, after delivery, from
a woman at Muheza Designated District Hospital (Muheza,
Tanzania) who was participating in the Mother-Offspring Ma-
laria Studies (MOMS) Project (described in [16]). Parasite sam-
ples were stored in RNALater (Ambion} at —20°C. RNA was
isolated using Trizol (Invitrogen) according to the manufac-
turer’s instructions. Purified RNA was treated with DNA-free
reagent (Ambion) to remove genomic DNA. RNA was then

Clinical placental parasite sample 661 was a pla-

reverse-transcribed using Superscript 111 and random hexamers
{Invitrogen) for 2 h at 42°C. DBL6 forward primer 5-AAGA-
ACATTGTTCTAAATGTC-3 and reverse primer 5-TGTAA-
ATATTGTTCAATAAAATCC-3 were designed by aligning
PFLO030c sequences from strains 3D7 and {TG {(GenBank ac-
cession no. AY372123) to identify conserved sequences that
flank the DBL6 domain. The PCR product was cloned into
pCR2.1 vector by use of the TOPO TA Cloning System (In-
vitrogen) and was sequenced in both directions.

Preparation of quantitative protein arrays with malaria
COS-7 cells (50%—70% confluent) were transfected
with various constructs by use of Fugene transfection reagent

antigens.

{Roche) according to the manufacturer’s protocol. Cells from

Signal peptide Transmembrane Z?il;;l]:;ai:f:l
Extracellular Intraceliular +

Test or control antigen

Contains membrane-
targeting signals

4
Normalization of
amount of antigen

Figure 1. Hybrid protein for expression of Plasmodium faleiparum antigens on the surface of mammalian cells. GFP. green fluorescent protein.
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Table 1.

Polymerase chain reaction primers for the amplification of antigen domains.

Domain (nucleotide
positions}®

. b
Reverse primer

Forward primerb

VARICSA!

. DBLT, a~CIDR (271—2280! CCCGGATCCAGGATCATAAGGAACATACTAA’!TTACGG

. DBL2B (2440-3402). -
. DBL3y (3802-4698). - -

DBLSy (6968-7146) .
DBLBS (7694-8436)
DBL7¢ (8761-9540) .
VAR2CSA
DBL1X (1-1347)
DBL2X {1534-2586)
DBL3X (3580-4557)
DBL4e [4708-5643)
DBLGe {5944-7008)
DBL6= {69734’?61)
AMA—‘I (7{}—1 629) T

MSP-1 19-kDa CTD
(4588 5160)

CCCCCTTAAGTCTAATCGTAATCTTGGF T TCAAATG.

GGATAAATATATAGGAAGAAGAAACCC C¢Ce

- -ét:f(jGG'A‘TCCAGAAGGAATTACAAACWACCWCTG

CCCCTCCGGAATGGATAAATCAAGTATTGCTAAL
CCCCTCCGGATCTAGTTCTAATGGTAGTTGTAATAAC
CCCOOATCCAGAAGGAAAATGAAAGTACCAATAATAAAA CCCGAATTCCATCACTCGCAGATTTTCCTACATATTTA
CCCGGATCCAGGAGAAAAAAAATAATAAATCTCTTTG
CCCGGATCCAGTTAGATAGATGTTTTGACGACAAG
CCCGGATCCAGGAGTATGATAAAGGTAATGAT TATATTT
CCCGGATCCAGGGACAGAATTATIGGGAACATCC

CCCGGATCCAGATTGTTGAAAAAGATGAAGCACATG
" CCCGGATCCAGGAGTATGATAAAGGTARTGATTATATTT

~ CCCGAATTCCATTTTTAGTGGGTTGCGTGCCTCCACE
| CCCGAATICCAGACATTTGTGCTTGTICATGTAATTC

. TTTGAATICCATAGTCTGTAACCATTACACCAATG
CCCGAATTCCCTCGGAATATATITTGTCTITATTCTC
Neve CATCCTTATACTITTTGCCATCTTATC

. CCCGAATTCCITTATIGTCTATATTACCTGAAGATTG

CCCGAATTCCGATACATG ATTCGACGACGG
CCCGAATTCCATTTGTAGTACTACTTGGGCCACAAT

CCCGAATTCCAGGTTCCATAATCATTGAATAATCTTT

CCCGAATTCCTTTATTACAAATATAATCATTACC
CCCGAATFCCTTTTTCTGCTITGGTTTCTTTATAATTC
| CCCTCTAGAATCATAAGTTGGTTIATGTTCAGG

CCCGAATTCCAATGAAACTGTATAATATTAACATG
- CCCGAATTCCATTACCATTTIGGTFTTTAAATTTAGC

NOTE. AMA-1, apical membrane antigen-1; CIDR, cysteine-rich intardormain region; CTD, C-terminal domain; DBL, Dutfy binding-like domain; MSP-1, merozoite

surface protein-1,

? In the sequences of variesa (FCR3 strain; GenBank accession no. AJ133811), verZcsa (307 strain; PlasmoDB accession no. PFLO030c), ama’ (307 strain;
PlasmoDB accession no. PE11_0344}, and msp? (307 strain, PlasmoDB8 accession no. PFI1476w).

® Restriction enzyme sites are underlined.

each 150-mm’ flask were lysed 48 h after transfection (trans-
fection efficiency, >80%) with 5 mL of CellLytic reagent
(Sigma). Recombinant products were confirmed on Western
blots with anti-GFP monoclonal antibody (MAb) (1:500 di-
lution; Clontech), followed by horseradish peroxidase {HRP)-
conjugated anti-mouse IgG (1:1000 dilution; Sigma). Concen-
trations of fusion proteins (expressed in relative fluorescence
units) were measured using GFP fluorescence with the use of
the Fluoroskan Ascent FL fluorometer/luminometer {Thermo
Labsystems), and they then were equalized by dilution with
lysate of nontransfected cells (lysate K). A total of 100 gL of
diluted lysate was added to each well of 384-well white plates
coated with anti-GFP antibody (Pierce), and plates were in-
cubated at 4°C overnight. Undiluted lysate K was used as a
control for nonspecific background fluorescence and chemi-
luminescence. Lysate prepared from cells transfected with con-
trol construct {pAdEx vector alone without malaria antigen
fusion partner) was used as a negative control in each assay.
After washing with washing buffer (PBS plus 0.05% Tween-
20), plates were ready for immunoprofiling experiments in-
volving serum samples from humans.

Validation of expressed merozoite surface protein-1 (MSP-
1) antigen by structure-sensitive monoclonal antibody.
Recombinant MSP-1,, or control construct product AdEx was

immobilized in anti-GFP plates as described above and then
was incubated with mouse MAb 12.10 (1:5000 dilution}, which
is reactive only to the properly folded structure of MSP-1 [17]
(provided by Dr. |. A. Lyon, Walter Reed Army Institute of
Research), followed by HRP-conjugated anti-mouse IgG (1:
1000 dilution; Sigma), Reactivity signals were obtained (ex-
pressed in relative luminescence units) by use of 100 uL of ECL
chemiluminescence substrate (Amersham Biosciences) per well
and a Fluoroskan luminometer.

Serum samples. The human serum samples used in these
studies were collected from East African donors, under pro-
tocols approved by relevant ethics review committees. The study
participants, who provided written, informed consent before
donating samples, included adult men and multigravid women
from Kenya [18, 19], as well as multigravid and primigravid
women from Tanzania [20]. In brief, 18- to 45-year-old mul-
tigravid women and 18- to 50-year-old men (median age, 28
and 29 years, respectively; P = .62) from Kenya, as well as 18-
to 45-year-old gravid women from Tanzania, were included in
the study. Serum samples obtained from pregnant women were
collected at the time of delivery and were tested individually.
The number of serum samples used in each experiment is
indicated in the corresponding figure legends. Serum samples
obtained from 10 randomly selected nonimmune donors in the
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United States were separated from whole blood obtained from
commercial sources {Valley Biomedical) and were used in a
pool as a negative control.

Immunoprefiling study of malaria antigens.
samples were preincubated at 4°C for at least 24 h with an
equal volume of 10 mg/mL goat IgG, to eliminate nonspecific
reactivity against goat anti-GFP IgG bound to the wells of 384-
well plates. The preincubated serum samples were further di-
luted 1:100 with Superblock {Pierce) and were incubated with
the antigen array for 2 h at room temperature. After 3 washes
with washing buffer, plates were incubated with donkey anti-
human IgG (H+L) affinity-purified antibody conjugated to
HRP (Jackson Immunoresearch) diluted 1:1000 in Superblock.
After 1 h at room temperature, the wells were washed; 100 pL
of ECL chemiluminescence substrate (Amersham Biosciences)
were then added per well, and chemiluminescence and fluo-

All serum

rescence signals were measured. The use of the chemilumines-
cence substrate does not affect the fluorescence measurement.

Chemiluminescence signal reflects immune reactivity, and
fluorescence signal reflects the amount of immobilized antigen—
GFP fusion proteins. Fluorescence signal was corrected by sub-
traction of background values measured in lysate K wells, and
then the immunoreactivity signal (chemiluminescence) was
normalized to the amount of immobilized antigen (fluores-
cence) in each well. Average reactivity was calculated for du-
plicate wells, and a final specific immunoreactivity (expressed
as arbitrary units [AUs|} was calculated by subtracting the con-
trol value (defined as either the average reactivity of the same
serum sample to control construct +3 SD or the reactivity of
pooled nonimmune serum samples to the same antigen +3 5D,
whichever was greater). Correlations were analyzed using Spear-
man’s rank test, Differences between group reactivities were
tested for significance by use of the Mann-Whitney U test,

P <05 was considered to be statistically significant. GraphPad
Prizm software was used for all statistical analyses.

RESULTS AND DISCUSSION

Features and performance of quantitative protein arrays.
Heterologous expression of malaria surface antigens is known
to be difficult, in part because of their high AT content {up to
80%) and their highly conformational cysteine-rich structure.
An expression system that provides a transmembrane protein
trafficking pathway and cell-surface presentation may signifi-
cantly improve the cotranslational folding of PfEMP1 surface
molecules, in which each domain contains 6-9 disulfide bonds.
We engineered a pAdEx vector encoding a hybrid receptor with
a signal peptide (from the immuneglobulin « chain), an ex-
tracellular domain, and individual transmembrane and cyto-
plasmic domains (both from the single-spanning transmem-
brane receptor megalin} (figure 1). The cytoplasmic domain
has signals that direct this protein to the plasma membrane
surface. In addition, the GFP-reporter protein is fused to the
cytoplasmic domain and reports protein expression levels,
which can be quantified. The multicloning site allows simple
and rapid preparation of different constructs that express Plas-
modium antigen extracellular domains on the surface of mam-
malian cells.

Using this construct, we expressed several DBL domains from
varlcsa and var2csa genes, in addition to other P falciparum
antigens (the apical membrane antigen-1 [AMA-1] and MSP-
1 19-kDa carboxy-terminal fragment), as GFP fusion proteins
{figure 2). All antigens were successfully expressed using the
native malaria coding sequence. Cysteine-rich interdomain re-
gion (CIDR)-« domains always follow DBL-a domains, and
they may act as a single functional domain [9]; therefore,

Domain cloned as GFP fusion protein

PIEMP1 varfcsa

™

oatax] baLse] DBLs| DBLSe- PfEMP1 var2csa

e s o . m

Domain cloned as GFP fusion protein

Figure 2. Plasmodium falciparum protein domains expressed and used for seroveactivity studies. Indicated domains were expressed as green
fluerescent protein (GFP) fusion proteins in COS-7 cells and were immobilized individually for antigen arrays. As a positive control, apical membrane
antigen-1 {AMA-T-GFP fusion protein was used. Cyt, cytoplasmic domain; DBL, Duffy binging-like domain; TM, transmembrane domain.
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varicsa DBL1-a domain was expressed together with CIDR1-
o domain, For negative control wells, we used a GFP fusion
protein (AdEx) containing an irrelevant extracellular domain
of 37 aa that resulted from the translation of the multicloning
site in the pAdEx DNA construct.

The integrity of fusion proteins was tested by Western blot
analysis with anti-GFP antibodies {figure 3A}. Recombinant
proteins demonstrated the expected molecular weight and pro-
duced green fluorescence in cells as well as in cell lysates. Fluo-
rescence was preserved after immobilization of fusion proteins
in 384-well plates. GFP fluorescence has been shown to be a
good indicator of properly folded membrane proteins when
GFP is fused to the cytoplasmic tail [21]. We also tested the
reactivity of the disuifide-rich MSP-1 19-kDa fusion protein by
use of conformation-dependent MADb 12.10 [17], which readily
recognized the antigen (figure 3B), thereby confirming correct
folding.

Malaria antigens were organized into arrays by use of a sin-
gle-step procedure performed in 384-well plates. The GFP fu-
sion partner has a number of advantages. First, the tag can be
used for immobilization and purification of antigens in a single
simple step. Second, the GFP allows the amount of antigen in
each lysate to be measured and equalized, thereby reducing
variance. Third, the immunoreactivity of serum samples (mea-
sured by chemiluminescence} can be normalized to the amount
of antigen {measured simultaneously by GFP fluorescence) in
each well, which further reduces variance.

Seroreactivity to irrelevant antigens., As was observed in
earlier studies |22, 23], we found that serum samples ebtained
from immune individuals in malaria-endemic regions frequently
react to completely irrelevant proteins (data not shown}, and this
nonspecific reactivity corresponds to an elevated reactivity to
malaria antigens. In contrast, serum samples obtained from
nonimmune individuals (NISS) living in areas of nonende-
micity have low nonspecific reactivity. For this reason, NISS
control may not be adequate to demonstrate specific reactivity
of serum samples tested in seroepidermiologic studies of malaria,
because this approach may falsely identify serum samples with
high levels of nonspecific reactivity as having a positive result.
The use of the control construct provides the means to quantify
and, therefore, correct for nonspecific reactivity of each con-
struct in each serum sample.

Seroreactivity to VARICSA and VAR2CSA associated with
a dichotomous pattern related to sex. 'We measured the sero-
reactivity of East African and nonimmune individuals to do-
mains of VARICSA and VAR2CSA expressed as GFP fusion
proteins. AMA-1 was used as a positive control because it is
known to react strongly to the majority of serum samples ob-
tained from individuals in malaria-endemic regions [24]. As
expected, serum samples obtained from immune individuals
uniformly showed high levels of reactivity to relatively con-
served AMA-1, and seroreactivity did not differ between men
and multigravid women (inset in figure 4A) (median for 44
serum samples obtained from men, 5289 AUs; median for 52

. « 6-
MW 123 g O
»
3 4
(1
2
S
&
D
i

Nl

A B

Z2nd oniy l MAb 12.10
AdEXx control

2nd only E
MSP-1

MAD 12.10

Figure 3. Characterization of malaria antigens cfoned as green fluorescent protein {GFP) fusion proteins in the pAdEx vector and expressed in COS-
7 cells. A, Westarn biot of expressed antigens with monoclonal anti-GFP antibody. Lane 1, Duffy binding-like {DBL) 3y region from VAR1CSA (predicted
molecular weight [MW], 85 kDa); iane 2, control construct minimegalin with extraceflular domain containing the first ligand-binding domain of rat
receptor megalin (nt 1-1882) [15] {predicted MW, 106 kDa}; and lane 3, merozoite surface protein—1 {MSP-1) 19-kDa fragment {predicted MW, 70
kDa). 8 Interaction of structure-sensitive anti-MSP-1 monoclonal antibody (MAb) 12.10 [17] with MSP-1 fusion protein. The control protein expressed
from vectar without insert (AdEx control) or MSP-1 recombinant protein was immaobilized in the wefls of anti-GFP plates and was tested for reactivity
with menoclonal antibody (MADB) 12.10 followed by secondary anti-mouse horseradish peroxidase (HRPl-conjugated antibody {MAb 12.10) or with
secordary antibody onfy (2nd only). Stgnals were measured using chemiluminescent substrate. Bars denote the average of 3 measurements, and error

bars denote SEs. RLU, relative luminescence units.
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serum samples obtained from multigravid women, 5872 AlUs;
P = 46).

Immune responses to PIEMP1 domains were substantially
lower and meore variable (figure 4) than were AMA-1 responses.
Two VARICSA domains (DBL68 and DBL7e) and 1 VAR2CSA
domain (DBL2X) were found to be nonreactive or minimally
reactive in our screening tests, Nonreactivity of VAR2CSA
DBL2X was likely the result of rapid degradation of this fusion
protein during and after cell lysate preparation, as detected by
Western blot analysis {data not shown). The reason for non-
reactivity of VARICSA DBL6 and DBL7 is not clear, because
the proteins were stable. The results suggest that host immu-
noreactivity is weak against these domains, but we cannot ex-
clude the possibility that the proteins were incorrectly folded
in a way that disrupted or masked structural epitopes.

The variable response to VARICSA and VAR2CSA was re-
lated to the sex of the serum donors. Consistent with the find-
ings of earlier studies from West Africa [25-27), the reactivity
of all VAR2CSA domains {other than DBL-2X) was significantly
higher with serum samples from multigravid women than with

serum samples from men (figure 4). Of the 54 serum samples
that were obtained from Kenyan multigravid women and were
tested in this experiment, 10 were obtained from women with
PM. Antibody levels were not significantly different {data not
shown) in women with PM versus those without PM, possibly
reflecting that the duration of infection is brief in the multi-
gravid women [3, 28, 29] or that antibody levels may be max-
imal in this parity group by the time of delivery. Previous
studies in West Africa that examined 3 DBL domains (DBL1,
DBL5, and DBL6) of VARZCSA expressed in baculovirus [25,
26] found that seroreactivity to domains 5 and 6, but not to
domain 1, was significantly higher in multigravid women than
in men. The increased reactivity against all VAR2CSA domains
noted for serum samples obtained from multigravid women in
East Africa supports the idea that this PfEMP1 molecule is
preferentially expressed by PM parasites and that women ac-
quire antibodies against this protein as they become protected.
Reactivity to the DBL1X domain was significantly correlated
with reactivity against 3 other domains (Spearman correlation
for DBL3, r = 0.29 [P = .04]; for DBL5, r = 041 [P = .003];
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Domain # 1 l 3 1 4 ’ 5 | 6 1 2 3 4 5
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Figure 4. Preferential reaction of serum samples from multigravid wemen to VAR2CSA domains and preferential reaction of serum samples obtained
from men to VAR1CSA domains. Seroreactivity to VARZCSA and VAR1CSA domains (after subtraction of the control value [see Materials and Methods]}
is indicated according to donor group, White bars denote serum samples obtained from men, and gray bars denote serum samples obtained from
multigravid women. AU, arbitrary units. P values are the results of a 2-tailed Mann-Whitney U test (for 52 serum samples obtained from multigravid
women and 44 serum samples obtained from men {faft] and for 32 serum samples cbtained from muitigravid women and 32 serum samples obtained
from men fright]). The top of the box denotes the 75th percentile, the bottom of the box denotes the 25th percentile, and the ling through the middle
of the box denotes the 50th percentile {i.e., the median). The whiskers denote the 10th and 90th percentiles. The inset shows the reactivity of apical

membrane antigen—1 [AMA-1) for both groups.
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Figure 5. Increases in serum reactivity to VARZCSA domains with gravidity. Seroreactivity to individval VARZCSA domains is stratified by gravidity.
White bars denote serum samples obtained from primigravid women, and gray bars denote serum samples obtaired from multigravid women. AL,
arbitrary units. P values are results of a 2-tailed Mann-Whitney U test {n = 32 for each group). The top of the box denotes the 75th percentile, the
bottom of the box denotes the 2bth percentile, and the line through the middie of the box denotes the 50th percentile {i.e., the median). The whiskers

denote the 10th and S0th percentiles,

and for DBLS6, r = 048 [P = ,0003]) but not against AMA-1
antigen (r = 0.07; P = .6), suggesting that immunity to dif-
ferent VAR2CSA domains is acquired concordantly.

The pattern of reactivity to VARICSA versus VAR2CSA do-
mains diverged markedly and was consistent against all tested
domains {figure 4), Serum samples obtained from multigravid
women reacted more strongly to VAR2CSA domains, whereas
serum samples obtained from men reacted more strongly to
VARICSA domains. The increased antibody levels noted in men
versus those noted in multigravid women were statistically sig-
nificant for 2 VAR1CSA domains (DBL1e and DBL5y). Men
and multigravid women had similar reactivity to AMA-1 {see
above) and MSP-1 (data not shown), indicating that multi-
gravid women specifically lose reactivity to VARICSA. Qur
studies of AMA-1 and MSP-1,, are similar to numerous earlier
studies, which found that seroreactivity to various non-PfEMP1
malaria antigens did not vary with the pregnancy status or
parity of the sample donors [30].

The dichotomous pattern of reactivity of men and multi-

gravid women may be explained by mutually exclusive ex-
pression of var genes in P. falciparum [10}. PM is caused by
CSA-binding parasites [6] that preferentially express var2esa
[31], and peripheral parasites in pregnant women have features
similar to those of placental parasites [16, 32]. Thus, the up-
regulation of varZesa in placental parasites may be accompanied
by a down-regulation of other commonly expressed var genes,
such as varlesa. Antibodies against VARICSA domains may
therefore diminish in pregnant women, who would receive an-
tigenic stimulation by VAR2CSA but not VAR1CSA during ep-
isodes of PM.

Gravidity-related increases in seroreactivity to VAR2CSA.
We compared immunoreactivity to VAR2CSA domains in se-
rum samples obtained from multigravid women (all 32 of
whom did not have PM) and those obtained from primigravid
women {8 of whom had PM and 24 of whom did not) in
Tanzania. As was observed elsewhere [25, 26] (see below),
VAR2CSA seroreactivity increased with the number of preg-
nancies (figure 5) and, consequently, with protection status.
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Figure 6. Antigenic variation and seroreactivity of VARZCSA Duffy binding—like {DBL) 6 domain. A, Comparison of strain 307 and placental parasite
sample 661 DBLBe domain sequences. Sequence alignment was performed using Clustal W at the GenomeNet Web site (available at: http://
align.genome jp}. Stars denote conserved residues, and colons and dots denote more- and less-conservative substitutions, respectively. o2, od, b,
and o7 are helical regions identifiable according to information found in (34]. Blue boxes denote regions of low homology. Yellow boxes denote
cysteines conserved between these 2 variants. B Reactivity of the 307 strain and the placental parasite sample 661 DBL6= domains with serum
samples obtained fiom 5 multigravid women. The 5 samples were randomly selected from the set of serum samples used in previously described

experiments. Black bars denote 307 DBL6e; white bars, 661 DBLGe.

Differences in seroreactivity between groups of differing gravid-
ities were statistically significant for 3 domnains (DBL1, DBL3,
and DBL6). These differences remained significant in analyses
that included only serum samples from women without PM.
In earlier studies, seroreactivity of the DBL5 domain [25) and

3 VAR2CSA domains (DBL1, DBL5 and DBL6) [26] correlated
significantly with gravidity, but the levels of seroreactivity were
not significantly different between groups of differing gravid-
ities. Interestingly, antibody levels to VAR2CSA domains 1, 3,
and 6 were significantly higher (P< .05, for all comparisons;
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data not shown) among first-time Tanzanian mothers with PM
versus those without PM in our study, suggesting specific re-
sponses to the antigen during PM. Separate studies will need
to examine whether the antibodies produced by first-time
mothers during malaria episodes have functional activity.

Similar studies were previously undertaken in West Africa
with 2 VARICSA DBL domains (DBL1 and DBL2) expressed
in Escherichia coli [33] and with varying numbers of VAR2CSA
domains (2 [25], 3 [26], or 6 [27]) expressed in the baculovirus
systern. In those studies, for serum samples obtained from men
and women, the reactivity against VAR1CSA domains did not
differ significantly. Of note, E. coli-expressed DBL antigens may
not recreate the extensive disulfide bonds and folds of the native
protein {14], and expression of the DBL1 domain separate from
the CIDR domain may disrupt a single functional domain and
alter its conformation. In our studies, VARICSA domains were
expressed on the surface of mammalian cells to better reproduce
the native structure of these complex antigens, which may allow
better discrimination of differences in seroreactivity. The earlier
studies of VAR2CSA, which we discussed in detail above, gen-
erally observed a sex-specific and parity-specific pattern of reac-
tivity, supporting the idea that VAR2CSA is preferentially ex-
pressed by placental parasites and is targeted by antibodies that
correlate with immunity.

In our work, we expanded on these previous studies to in-
corporate all domains from each PfEMPI1 protein, expressed
each domain in a mammalian system to increase the probability
of correct folding, and studied them together by use of serum
samples from a distinct geographic region, East Africa. To our
knowledge, these are the first studies to show a higher level of
recognition of all immunoreactive VAR1CSA domains by serum
samples obtained from men versus those obtained from mul-
tigravid women, and reactivity is highest against the first
VARICSA domain (DBLlex plus CIDR1e). We also demon-
strated that all immunoreactive VAR2CSA domains react most
strongly to serum samples obtained from multigravid women,
and we confirmed that this reactivity is parity specific.

Variant-specific reactivity to VAR2CSA. We compared the
reactivity of immune serurm samples to variant forms of domain
DBL6e representing laboratory isolate 3D7 and fresh placental
parasite sample 661. These variant forms have a high level of
homology throughout most of their sequence (figure 64). In-
dividual serum samples obtained from multigravid women var-
ied substantially in their reactivity to variant forms of DBLé6e
(figure 6B). Antigenic variation in this domain is limited to
areas comprising ~30% of the domain sequence, primarily in
the loops between helices &2 and o4, as well as those between
helices 5 and o7 [34]. Because the remainder of the domain
is largely conserved, and because the immune response against
these 2 homologous domains is significantly different, we spec-
ulate that the immune response is predominantly directed to-

ward regions of sequence variability, including the loops. This
may also indicate that the most conserved parts of the domain
are poorly immunogenic. We also saw a similar pattern of
differential reactivity with VAR2CSA DBL1X domains {(identity
was ~80% between variants [data not shown]).

A previous study by Tuikue Ndam et al. [26] demonstrated
no association between serum levels of anti-3D7 VAR2CSA
antibodies and anti-CSA-binding antibodies in 4 of 6 placental
isolates. This may have resulted from VAR2CSA sequence var-
iation between placental samples, as the authors suggested, or
it may indicate that functional antibodies are a minor subset
of total antibodies. Qur results regarding differential reactivity
of laboratory isolate (3D7) versus placental parasite {sample
661) DBL domains do not confirm one or the other of these
possibilities. If the former possibility is correct, then protective
immunity in multigravid women may reflect the acquisition of
antibodies against the VAR2CSA variants present in a com-
munity. A globally related pool of polymorphisms accounts for
sequence variation in VAR2CSA [35], and, therefore, a limited
number of variants may be adequate to elicit broadly reactive
antibodies. Such a vaccine may be able to target only the loop
regions, which could significantly simplify the task of devel-
oping a vaccine

Future studies will need to identify the malaria antigen, do-
main, or domain variant(s) and fragment(s) that are specifically
targeted by protective antibodies, as well as those that elicit
broadly reactive antibodies. This information could provide the
basis for a PM vaccine.
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Abstract

Malaria proteins expressed on the surface of Plasmodium faleiparum infected erythrocytes (IE) mediate adhesion and are targeted by protective
immune responses. During pregnancy, IE sequester in the placenta. Placental IE bind to the molecule chondroitin sulfate A (CSA) and preferentially
transcribe the gene that encodes VAR2CSA, a member of the PFEMP] variant surface antigen family. Over successive pregnancies women develop
specific immunity (o CSA-binding IE and antibodies to VARZCSA. We used tandem mass specirometry together with accurate mass and time tag
technology to study [E membrane fractions of placental parasites. VAR2CSA peptides were detected in placental IE and in IE from children, but
the MC variant of VAR2CSA was specifically associated with placental IE. We identified six conserved hypothetical proteins with putative TM
or signal peptides that were exclusively expressed by the placental IE, and 11 such proteins that were significantly more abundant in placental IE,
One of these hypothetical proteins, PFI1785w, is a 42 kDa molecule detected by Western blot in parasites infecting pregnant women but not those

infecting children.
@© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Young children and pregnant women, particularly women
pregnant for the first time, are highly susceptible to the
malaria parasite Plasmodium falciparum. Disease and death
are related to the ability of intraerythrocytic P falciparum
to bind endothelium and sequester in deep vascular beds.
During blood stage development, P. falciparum parasites
export proteins that mediate adhesion and sequestration to
the surface of the infected erythrocyte (IE) [1]. In preg-
nant women, IE adhere to chondroitin sulfate A (CSA) and
sequester in the placenta, often leading 1o placental inflamma-

Abbreviations:  IE, infected erythrocyte; CSA, chondroitin sulfate A;
PfEMPI, Plasmodium falciparum erythrocyte membrane protein 1; TM, trans-
membrane; AMT, accurate mass and time
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tory responses associated with maternal anemia and low birth
weight [2].

Placental IE have a distinct adhesion profile, binding to CSA
but not to other receptors like CD36 and ICAMI that com-
monly support adhesion of other IE forms [3]. Specific immune
responses to placental IE develop over successive pregnancies,
and these are associated with reduced infection and improved
pregnancy outcomes [4,5]. The IE surface antigens targeted by
naturally acquired antibodies appear to have conserved features
in CSA-binding parasites from around the globe [4], suggest-
ing that they may be broadly effective as a vaccine. The variant
antigen gene var2csa has been shown to be upregulated in CSA-
binding and placental parasites, and to encede domains that bind
to CSA in vitro, suggesting a role for the VAR2CSA protein in
placental malaria [6-8].

Although significant effort is ongoing to understand the role
of VAR2CSA in placental malaria, it is unknown whether other
IE surface proteins may be differentially expressed by placental
parasites. To date, several proteomic studies of P, falciparum par-
asites have been published, including global proteomic studies
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that compared protein profiles during different developmental
stages of the parasite life cycle, as well as targeted studies to
identify IE membrane proteins and other organelle-specific pro-
teomes [9-12]. We recently used tandem mass spectrometry
(MS/MS) to profile the PEEMP1 proteins {(encoded by var genes)
expressed by parasites collected from children versus pregnant
women [13]. No studies have reported the total IE membrane
proteome of fresh parasite samples, including fresh placental IE
samples.

We now have used a label-free comparative proteome strat-
egy to identify and relate IE surface protein differences between
parasites collected from children versus those from pregnant
women. This strategy incorporates the accurate mass and time
{AMT) tag [14] approach for organism-wide comparative pro-
tein measurements, which has been previously applied to studies
of the human blood plasma proteome [15] and studies of
prokaryotic proteomes [16,17]. In this study, MS/MS was used
to identify the IE surface proteome, and Fourier transform
ion cyclotron resonance mass spectrometry (FTICR MS) was
employed to confirm tandem mass spectrometry findings [14]
and to compare protein abundance in the two types of samples
by AMT tags {16]. The results suggest that the membrane pro-
teome of placental IE includes a distinct repertoire of highly
conserved proteins encoded by single-copy genes, in addition to
PfEMPI proteins.

2, Materials and methods
2.1. Parasite samples and binding assays

Parasite samples were collected from pregnant women and
their children participating in the MOMS Project. MOMS
Project is a longitudinal birth cohort study launched in 2002
in Muheza, Tanzania, an area of intense malaria transmission.
Details of the project have been reported elsewhere {18]. The
present study reports analyses of 18 freshly collected placen-
tal parasite samples and 21 parasite samples collected from
infected children. Placental IE are typically mature parasite
forms (called trophozoites and schizonts) sequestered in the
intervillous spaces of the placenta, and for this study were
obtained by mechanical grinding of the placenta. IE from
infected children were obtained from peripheral blood, where
they circulate as immature non-adherent parasite forms referred
to as ring stage parasites. IE collected from children were there-
fore allowed to mature to the trophozoite/schizont stages by in
vitro culture for 16-20h [19]. Binding phenotypes of parasite
samples were determined in a static binding assay that mea-
sures adhesion of mature stage IE to immobilized receptors, as
previously described {3].

2.2. Preparation of samples for proteomics studies

Mature forms of the parasites were purified on Percoll
gradients. Enriched samples contained more than 90% IE
and <10% uninfected erythrocytes. Membrane proteins were
enriched by sequential extraction with detergent [13]. Parasite
samples were incubated in lysis buffer A (10mM Tris—HCI

pH 7.4, 5SmM EDTA, 1% Triton X-100) for 30 min at 4°C,
then the lysates were centrifuged for 20 min at 12,000 x g at
4°C to pellet insoluble material. After removing the super-
natants, pellets were extracted in lysis buffer B (10 mM Tris—HC1
pH 7.4, 5mM EDTA, 2% SDS, 6M Urea) to solubilize
membrane-associated proteins. As we have previously shown,
the membrane-associated protein KAHRP is detected in the SDS
soluble fraction but not in the Triton X-100 fraction, whereas the
cytoplasmic protein BiP is present in the Triton X-100 fraction
but is significantly reduced in SDS fraction [13].

To prepare trypsin digestion peptides, the membrane-
associated proteins were reduced with 10mM DTT for 1h at
37°C, then alkylated with 20 mM iodoacetamide for 1 hat25°C.
The samples were diluted to 0.05% SDS with 25 mM NH4CO3,
and trypsin was added to a final enzyme:substrate ratio of 1:50
(wi/w). The samples were digested overnight at 37°C. After
trypsin digestion, peptides were desalted using HILIC (The Nest
Group Inc.), according to the manufacturer’s instructions.

2.3. LC-MS/MS analysis using ion trap

LC-MS/MS was performed using LCQ Deca XP and LTQ-
MS ion trap mass spectrometers (ThermoFinnigan). A total of
5 g of total peptide at I pg/pL (as determined by the BCA
assay) were loaded onto the reversed-phase column using a two-
mobile-phase solvent system consisting of 0.4% acetic acid in
water {A) and 0.4% acetic acid in acetonitrile (B).

The mass spectrometer operated in a data-dependent MS/MS
mode over the m/z range of 400-2000. For each cycle, the three or
the five most abundant ions from each MS scan were selected for
MS/MS analysis using LCQ Deca XP or LTQ-MS, respectively
using 45% collision energy. Dynamic exclusion was used to
exclude previously analyzed ions in a 1 min window.

The Sequest algorithm was used to match MS/MS spectra
to peptides in the sequence database. The database included
P falciparum 3D7 genome sequence and other Plasmodium
sequences submitted to NCBI, as well as the sequences from the
non-redundant human database. Spectra/peptide matches were
determined to be positive if the AC, value was 0.1 or greater,
and the Xeqr was sufficiently high depending on the charge state
of the peptide: for charge state +1, Xeorr = 1.5 for full tryptic
peptides or Xeorr = 3.1 for partially cleaved peptides; for charge
state +2, Xcorr = 1.9 for full tryptic peptides or X o = 3.8 for
partially cleaved peptides; for charge state +3, X.orr = 2.9 for
full tryptic peptides or Xcorr = 4.5 for partially cleaved peptides
[201.

2.4. Accurate mass and time (AMT) tag approach using
FTICR

To perform FTICR analysis, 5 pg of peptide mixtures were
separated by HPLC using a reversed-phase capillary column
(150 pmi.d. x 360 pm o.d., Polymico Technologies) and a two-
mobile-phase solvent system consisting of 0.2% acetic acid and
0.05% trifluoroacetic acid {TFA) in water and 0.1% TFA in 90%
acetonitrile/10% water. Peptides were identified by FTICR mass
spectrometer, and the spectra were matched to potential mass
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and time (PMT) tags previously identified by LC-MS/MS stud-
ies of the same sample to define AMT tags. The FTICR data were
analyzed using software developed in-house (PNNL) that uses
average pepfide peak intensities to estimate protein abundance
[14,21]. The data were normalized using a cluster analysis [22].
Hierarchical clustering and statistical analysis (Spearman rank
correlation; Mann—Whitney U test) were performed using Acu-
ity 4.0 (Axon). The average number of peptides in placental and
children’s parasite samples was 2774 and 4177, respectively.

2.5. Quantitative RT-PCR

Quantitative RT-PCR (gPCR) was performed on placental
and children’s parasites to survey differential transcription of the
genes corresponding to differentially expressed proteins, Total
RNA was purified from mature IE samples (i.e., fresh placental
IE samples or IE samples from children after overnight culture)
using RNAwiz (Ambion). Reverse transcription was performed
using oligo-dTog primer and Superscript I enzyme (Invitrogen).
Quantitative PCR on cDNA samples was performed using SYBR
green master mix (Applied Biosystems) in an ABI Prism 7000
thermal cycler (Applied Biosystems). Primers were validated
using both genomic DNA and a pool of ¢DNA, and demon-
strated linear amplification over a range of template dilutions.
Threshold cycles (C1) were calculated and normalized (AACT
method) using Cr values for the P. falciparum housekeeping
gene seryl-tRNA synthetase. The results were used to calculate
fold-differences between placental and children’s IEs, and the
statistical significance of these differences was determined by
Student’s ¢-test using Statview software (SAS Inc.).

2.6. Protein expression and antibody production

PFI1785w was ampilified from the cDNA of a placental par-
asite sample and cloned into pET28b vector (Novagen) for
expression in E. coli cells. His-tagged recombinant PFI1785w
(rPFI1785w) was purificd on anickel column (Novagen) accord-
ing to the manufacturer’s instructions. The protein was further
purified by weak ion exchange HPLC then eluted in increasing
salt concentrations (0.05-1.00 M NaCl in 20 mM Tris pH 7.4).

Specific antisera were obtained by immunizing Balb/c mice
three times with 25 ug of rPFI1785w emulsified in TiterMax
Gold adjuvant.

2.7. Western blot analysis

Ten micrograms of surface membrane fractions of placental
IE and IE from children were loaded onto 4—12% NuPAGE gels
(Invitrogen, CA). The gels were transferred to PVDF membrane
(Invitrogen, CA), blocked with 5% BSA in PBS-0.05% Tween
20, then incubated with polyclonal mouse antisera to PFI1785w
or monoclonal antibody to knob-associated histidine rich protein
(KAHRP) (kindly provided by Dr. D.W. Taylor) [23] followed
by incubation with anti-mouse antibodies conjugated to HRP
(Sigma). Chromogenic CN/DAB kit {Pierce, IL) was used to
visualize the antigens recognized by specific antibodies,

3. Results and discussion

3.1, Parasite proteins identified exclusively in placental
parasites by LC-MS/MS

Our goal in this study was to identify the IE surface proteomes
of parasites with distinct adhesion phenotypes. Placental para-
sites have a distinct binding phenotype, suggesting that specific
proteins are uniquely or preferentially expressed on the surface
of placental IE. We performed binding assays on many of the
parasites used for the proteomics studies, and confirmed that pla-
cental parasites bind uniformly to CSA while parasites infecting
children bind to diverse endothelial receptors other than CSA
{Table 1).

P. falciparum adhesion occurs at points of contact between
the endothelial surface and electron-dense protrusions called
“knobs™ that appear on the IE surface. Previous studies demon-
strated that proteins associated with the knob structure are
insoluble in non-ionic detergent but are soluble in ionic deter-
gent. These properties allow sequential extraction of parasites
with non-ionic then jonic detergents to enrich for knob-
associated proteins including PFEMP1. We used this method to
prepare IE membrane protein fractions from enriched parasite
preparations, as previously described [13].

We performed shotgun proteomics on IE membrane fractions
from 18 placental parasite samples and 21 parasite samples col-
lected from the peripheral blood of children. In total, peptides
corresponding to 2938 proteins were detected in placental para-
sites and 2161 proteins were detected in parasites from children.
Twenty-six hypothetical proteins and 6 proteins with predicted
functions were detected in two or more of the placental parasites
but in none of the parasites from children.

Of the 26 hypothetical proteins detected only in placental
parasites, 15 had been detected in carlier studies of laboratory
isolates that do not bind CSA [11,12], suggesting that they are
not unique to placental parasites. Of the remaining 11 hypo-
thetical proteins, 10 had predicted TM domains. Four of these
11 proteins had strong evidence as distinct proteins of placental
parasites (Table 2): three were found to be more abundant in
placental parasites by AMT tag analysis (see below) and one
protein (PFO8_0046) was detected in four placental samples but
no samples from children by MS/MS. Among the four hypo-
thetical proteins with strong evidence for an association with
placental parasites, one protein (PFI1785w) contains a Plas-
modium export element (PEXEL/VTS) that targets proteins for
translocation across the parasite vacuole membrane [24,25]. One
of the proteins (PFD0650c) contains a putative signal sequence,
suggesting that it may be transported, and potentially trafficked
to the IE surface. None of these proteins was uniformty identi-
fied in placental parasite samples, and we speculate that this
may be due to their relatively low abundance and the sen-
sitivity limits of mass spectrometry. Conversely, we detected
abundant membrane-associated proteins like KAHRP, PFEMP3
and glycophorin-binding protein 130 in all the samples that we
tested.

Of the six proteins with predicted functions detected only in
placental parasites by MS/MS, two are variant antigens. MS/MS
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Table |
Binding phenotype of studied parasites

Sample ID Profile of hinding receptors
Placenta parasites
P10034 csa
PI10038b CSA
PI0150 CSA
P10222 CSA
P10390 CSA
P10405 CSA
P10661 CSA
P10687 CSA
Pi0699 CSA
PIOTI1 CSA
PI0722 CSA
P10747 CSA
PIO758 CSA
Pl10863 CSA
PI0918 CSA
P10961 CSA
P10963 CSA
P11000 CSA
PIO1010 CSA
P11020 CSA

Children parasites

detected two variants of VAR2CSA (see below) as well as a
member of the rifin variant antigen family in membrane fractions
from placental parasites but not other parasites. One protein with
predicted function, the endoplasmin homolog (PFL1070c), was
also found to be more abundant in placental parasites by AMT
tag analysis. The other three proteins detected by MS/MS only
in placental parasites were not confirmed in AMT (ag analysis.

PFI1785w, a protein that appears to be abundant in the pla-
cental IE membrane fraction (Table 2), was recently suggested
to be a variant antigen in comparative genomic hybridization
(CGH) studies using microarrays [26]. Antigenic variation is
an important immune evasion strategy of malaria parasites.
However, PFI1785w is sometimes lost by deletion after con-
tinuous in vitre culture of taboratory isolates {271, which could
also account for the CGH results. We determined PFI1785w
sequences using cDNA from three placental parasite samples,
and compared these to sequences in public databases. The
sequence of PFI1785w was fully conserved among the pla-
cental parasites, suggesting that this antigen does not undergo
significant variation. The sequence of PFI1785w in the 3D7
isolate contained two polymorphisms: a mutation at nucleotide
position 133 (C — T) that converts methionine to threcnine at
residue 38, and a mutation at nucleotide position 605 (A — T)

0063a01 CD36, ICAM-1, E-selectin, P-selectin
0083a01 CD36, TSP, ICAM-1, E-selectin, CD31, P-selectin that leads to premature termination of the protein in 3D7 iso-
0093201 CD36, CD31, P-selectin late. Because 3D7 parasites can only bind to CSA in a low
ggg:g{ gggg, ;gg }gim:},E-selcctin, CD31, P-selectin num]:{ers, we SPFCUIate that the truncated form Of. Pl-j"[]785w
0239201 ICAM-1 may interfere with the development of the CSA-binding phe-
0247201 CD36, TSP, ICAM-1, E-selectin, CD31, P-selectin notype. In microarray studies, PFI1785w transcripts have been
0309a01 CD36, CD31, P-selectin detected in early trophozoite stage parasites of the HB3 isolate
0321a01 CD36 . ) but not during blood stage development of 3D7 and Dd2 iso-
g;?;:g} gggg TSE ICAM-1, E-selectin, CD31, P-selectin 15106 (PlasmoDB expression data http://www.plasmodb.org). It
0397201 CD36, TSP, ICAM-1, E-selectin, VCAM is unknown whether PFI1785w may be expressed at the protein
0440a01 D36, TSP level in the HB3 isolate. In microarrays studies of the FCR3 iso-
0446a01 CD31 late, PFI1785w was not detected in parasites selected to bind to
0515a01 CD36, TSP, ICAM-1, CD3IL, P-selectin either CD36 or CSA [28], Similarly, our studies did not detect
3;;::8} 'é‘g;écgg; ICAM-1, VCAM. CD31, P-selectin PFI1785w peptides in laboratory parasites selectec% to .bind to
0789201 CD36, TSP CSA (data not shown). These results suggest that in vive par-
0480a01 ICAM-1, E-selectin, VCAM asites express some IE surface proteins that are distinct from
0466a01 CD36 those of laboratory parasites, even when the different parasites
022001 CD36, E-selectin, VCAM, CD31, P-selectin display a similar binding phenotype.
0413a01 CD36, TSP
0666201 CD36, TSP
0199201 CD36 3.2 PfEMPI detected by LC-MS/MS
The best known IE surface protein is PFEMP1, a large, multi-
domain variant antigen encoded by a family of ~60 alleles
(called var genes) in each haploid parasite genome. Despite
Table 2
Characteristics of proteins detected only in placentat parasites by LC-MS/MS
Protein [D (PlasmoDB) Placenta isolate IDH# No. of peptides No. of spectra Annolation Sp ™ PEXEL/VTS
PF08.0046* 0038b; 0660; 0758; 1000 4 4 Hypothetical protein n y n
PFBOS70wP 0661; 0863; 0918 3 3 Hypothetical protein n y n
PFD0O690c" 0661; 0711 2 2 Hypothetical protein y y n
PFI1785w" 0390; 0405; 0661; 0711; 17 36 Hypothetical protein n y y

0961; 0963; 1020

? Samples analyzed by LC-MS/MS only.
b Data verified by MS-FTICR.
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Table 3

VAR2(CSA forms detected in different parasite types by LC-MS/MS

Reference Parasite/source Parasite type No. of isolates No. of peptides Domain
gi|34525768; 2i|34525760 IT vard; MC var6, [34] Placenta [ 1 DBLS5e
£i)34525768; 2i|34525760 IT var4; MC var6, (34] Placenta 2 2 DBL4s
£1]34525768; gi|34525760 IT vard; MC vard, [34] Placenta 1 1 DBL1x
£i|34525768 IT vard, [34] Placenta 1 1 DBL1x
£i|31323048 202, Salanti ([6]) Placenta 1 1 DBL2x
£1]31323048 2032, Salanti ([6]) Non-pregnant 1 1 DBL2x
£i|31323049 202, Salanti ([6]) Non-pregnant 1 1 DBL3x
2i[31322999 MN39C1, Salanti ([6]) Non-pregnant 1 1 DBL3x
gi]31322987 MNATB1, Salanti {J6]) Non-pregnant 1 ] DBIL2x

extensive var gene sequence variation within and between
genomes, individual domains are recognizable that can be
grouped according to relatively conserved motifs. The extra-
cellular portion of each PFEMP1 protein contains between two
to nine domains, and recombinant forms of individual domains
support binding of different endothelial receptors in vitro [29].

var2csa (PFL0030c¢) encodes a relatively conserved PFEMP1
molecule that is significantly upregulated in placental parasites
as well as laboratory isolates selected to bind CSA {6,30]. In our
proteomics studies, peptides corresponding to VAR2CSA were
detected in two placental parasite samples and in four samples
from infected children (Table 3). All but one of the VAR2CSA
peptides mapped to highly conserved regions of different DB,
domains. The bias towards identifying conserved peptides prob-
ably reflects the requirement that exact sequence matches be
available in the genome database. Peptides corresponding to
VAR2CSA sequences from IT and MC isolates were detected in
placental IE only, suggesting that these forms are preferentially
expressed by placental parasites.

Previously, we reported that peptides corresponding to
VAR2CSA were present in IE membrane fractions of placen-
tal parasite isolates from Kenya that had been adapted to in vitro
culture [13]. In those studies, VARZCSA was detected before
and after the parasites had lost their ability to bind CSA. Another
study reported that var2csa is transcribed at relatively high lev-
els in some parasite samples collected from children {31] as
well as a laboratory isolate that had “rosetting” properties (i.c.,
bound uninfected erythrocytes) [32]. Taken together, the differ-
ent studies suggest that var2CSA can be detected at the level
of both transcript and protein in parasites with varying binding
properties and from various parasite donors, including parasites
collected from children that do not bind to CSA.

3.3. Parasite proteins expressed at higher levels in
placental IE by FTICR

We quantified protein abundance using data from FTICR MS,
and examined differences in the expression of IE surface pro-
teins between placental parasites and parasites from children.
Peptides identified by LC-MS/MS were used to create a PMT
(potential mass and time tag) library. LC-FTICR MS analysis of
the peptides in the PMT library provided an accurate mass fag
and time (AMT) dataset. The FTICR MS results are highly accu-
rate, which allows quantification of protein abundance [14,21].

The average peak intensities of peptides that correspond to a
protein are used to calculate its abundance. FTICR detection
also provides a method for validating the LC-MS/MS peptide
identifications.

The abundance of each protein in the proteome was esti-
mated, establishing the quantitative proteome for each sample.
We examined the reproducibility of this approach by repeat-
ing the assay two to four times on each parasite sample. Assay
results were normalized and clustered according to the abun-
dance of detected proteins, and in all cases replicate assays on
the same sample clustered together most closely (Fig. 1). The
average correlation between replicate assays of the same sam-
ples was >0.9 (Spearman rank correlation test), reflecting the
high reproducibility of this approach.

Overall, FTICR MS detected a greater number of proteins
exclusively or preferentially expressed by placental parasites,
compared to LC-MS/MS, and this is consistent with the greater
sensitivity of FTICR MS. Protein abundance was calculated
from the average abundance values of the corresponding pep-
tides in each FTICR MS analysis [16]. These values were
normalized using a cluster algorithm [22]. In statistical analy-
ses, 50 proteins were more abundant in placental parasites than
in parasites from children (Table 4 and Supplementary Table
1}. Of these, 20 proteins were detected in three or more placen-
tal samples, including 3 PFEMP1 proteins and 17 hypothetical
proteins (Table 4), and all of these have putative TM domains.
The 17 hypothetical proteins included 6 that were exclusively
expressed, and 11 that were preferentially expressed, by placen-
tal parasites.

In earlier yeast two-hybrid screens [33], several of the pro-
teins that we detected at higher levels in placental parasites
were found to interact with each other (Table 5). Interactions
between upregulated proteins may indicate that protein networks
are involved in the production of the placental parasite pheno-
type, and that upregulation of a single protein like VAR2CSA to
mediate adhesion to CSA may not fully recapitulate the placental
parasite phenotype.

PfEMP1 peptides that were more abundant in placental par-
asites by FTICR analysis correspond to three PIEMP1 proteins
(Table 4), including a form of VAR2CSA from the MC isolate of
P. falciparum, In earlier studies, these three PFEMP1 molecules
were also detected in sporozoites [12], as well as blood stage
parasites with and without the CSA-binding phenotype [13].
Among these PFEMP1 molecules, we find that PFE0005w was
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Fig. 1. Hierarchical clustering of 820 Plasmodium falciparum proteins detected by AMT tag analysis was performed using Acuity 4.0 (Axon). Data were normalized
using Cluster program (http://frana.lbl.gov/EisenSoftware htm). Placental parasite samples are underlined.

Table 4
Proteins associated with placental parasites by quantitative proteomics

Protein ID Annctation p-Value (Mann-
Whitney U test)
PF13.0003" PfEMPI (.003
PFEQODSw® PEMP1 0.0009
MC var 6 PfEMP1 (VAR2CSA) 0.003
PF10.(2322 Hypothetical protein <.0001
PF11.0437° Hypothetical protein 0.004
PF13_0162° Hypothetical protein 0.01
PF14.00162 Hypothetical protein 0.004
PF14_0260% Hypothetical protein 0.003
PF14_0507° Hypothetical protein <.0001
PF14.0616° Hypothetical protein 0.001
PEAD700c" Hypothetical protein 0.007
PFBO115w? Hypothetical protein =<.0001
PFBO870w® Hypothetical protein 0.02
PFBO838w* Hypothetical protein 0.01
PFC0245¢* Hypothetical protein 0.0002
PFCO71 5c® Hypothetical protein =.0001
PFC(850cP Hypothetical protein <.0001
PEDO690c® Hypothetical protein =<.0001
PFI1785w® Hypaothetical protein 0.01
PFL2505¢* Hypothetical protein 0.004

? Protein more abundant in placental parasites.
® Protein exclusively expressed by placental parasites.

expressed only in placental parasites, while PF13_.0003 and
VAR2CSA were expressed in both placental parasites and chil-
dren’s parasites. Two forms of VAR2CSA (matching sequences
found in the genomes of the Dd2 isolate and the IT isolate,
respectively) were expressed at similar levels by placental par-
asites versus children’s parasites.

Several placental parasite samples expressed more than one
form of PfEMP1. This may not seem surprising, since many in
vivo infections are polyclonal. However, the finding does not
seem consistent with the idea that a single relatively conserved
PfEMP1 mediates binding of placental parasites, which in these
studies uniformly adhere to the receptor CSA (Table 1). Further-
more, the diversity of PFEMPI1 forms in these samples may be

Table 5
Interactions involving proteins associated with placental IE

Protein ID Annotation Interacting proteins ID

PF10.0232 Hypothetical protein MALT7PI1.155
PF07_0106
PF11.0191

PFBO115w Hypothetical protein MALI13P1.336

PFC0245c Hypothetical protein PED1175w
PFLO190w

PEL2505¢ Hypothetical protein PFB0640c
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greater than we have described here. MS studies of PFEMP1 are
limited by the lack of representation of all possible variant forms
in the database. Even relatively conserved regions of PFEMP1
display sufficient variation to reduce the likelihood of peptide
identification, since MS requires exact sequence matches. This
will limit our ability to identify the full repertoire of PFEMP1
expressed on the IE surface,

In addition to the parasite molecules described above, an
additional 30 proteins (Supplementary Table 1) were expressed
exclusively or preferentially by placental parasites, but were
detected in only one or two samples. Of these 30 proteins, 22
contained motifs that might suggest trafficking or membrane
localization (signal peptide, TM domain, PEXEL sequence).
Another two proteins that were upregulated in placental para-
sites had known functions that did not suggest a role as a surface
antigen. However, we do not exclude that some of these proteins
may be IE surface proteins, or may play arole in the development
of the placental parasite phenotype.

3.4. PFII785w expression in placental IE

In proteormnics studies, PFI1785w was commonly detected in
placental IE membrane fractions. To confirm that PFI1785w is
specifically expressed in placental parasites, we raised antibod-
ies in mice against recombinant protein expressed in E. coli.
Anti-PFI1785w antisera reacted with a protein of the predicted
size of 42kDa in membrane fractions of placental IE but not [E
. from children (Fig. 2). Pre-immune sera did not react with IE
membrane fractions (not shown). Knob-associated histidine rich
protein (KAHRP) was recognized in extracts of both placental
parasites and parasites from children.

In immunolocalization assays, antisera against PFI1785w
failed to react with live or paraformaldehyde-fixed placental
IE, suggesting that the antibodies raised against recombinant
PFI1785w are directed to denatured protein but not to con-
formational epitopes. Monoclonal antibody to KAHRP reacted
with placental IE membranes in fixed but not live samples,
consistent with its association with the internal face of the IE
membrane.

3.5. Real time PCR

None of the proteins identified in this study were uni-
formly detected in all placental parasites, although placental

A K 2 3 4

Fig. 2. Western blot analysis was performed using mouse anti-PFI1785w anti-
sera (A) and anti-KAHRP monoclonal antibody (B). Lanes | and 2, membrane
extracts from placental parasites; lanes 3 and 4, membrane extracts from chil-
dren’s parasites. MW markers are indicated on the left.

1Es uniformly demonstrated binding to CSA. Despite substan-
tial improvements in recent years, proteomics tools have limited
sensitivity, As a complementary approach to validate the MS
findings, we used qPCR to measure the abundance of transcripts
corresponding to the proteins that we had identified by pro-
teomics tools. We cornpared levels of transcription between six
placental parasites and six children’s parasites cultured in vitro to
develop into mature parasite forms. PFI1785w and PFB0O115w
were transcribed at 10- and 7-fold higher levels, respectively in
placental parasites. Transcript levels of PFD0690c were similar
in parasite samples from placentas versus those from chil-
dren. The discordance between transcript and protein levels
of PFD0690¢ may indicate that the regulation of this protein
does not occur at the level of transcription. Alternatively, the
discordance may reflect a technical issue, for example that
differential transcription of this gene may need to be mea-
sured at a different timepoint in the life cycle. In a recent
comparative transcriptome study (Francis et al., submitted for
publication), PFI1785w and PFBO115w were highly upregu-
lated in placental parasites compared to parasites from children,
in agreement with our proteomic studies. In a comparative tran-
scriptome study of two isogenic 3D7 P. falciparum laboratory
clones with distinct adhesive properties, PFB0115w was tran-
scribed at higher levels in the clone that rosetted at high levels,
but this difference was mainly seen during ring stage develop-
ment stage [32]. In the present study, PFB0O1 15w were detected
in some IE from children, but the expression of this protein
was significantly higher in placental IE by AMT tag analy-
sis.

4. Conclusions

In this study, we used conventional MS/MS methodology
as well as novel AMT tag technology to identify proteins that
are exclusively or preferentially expressed by placental para-
sites. The study focused on IE membrane proteins, which are
likely to be involved in host—parasite interactions. In this com-
bined approach, we identified seven hypothetical proteins that
are exclusively detected in placental parasites, and were found in
three or more placental samples. This is the first study to confirm
the expression of these genes at the protein level. All the proteins
contain a putative TM domain, four contain a predicted signal
sequence, and two contain PEXEL/VTS sequences suggesting
translocation across the parasite vacuole membrane. The con-
served protein PFI1785w appeared to be particularly abundant
in placental parasites, at both the transcript and protein level.
Further studies should examine the effect of PEI1785w disrup-
tions on the ability of parasites to develop the CSA-binding
phenotype and the localization of the protein by immunofiv-
orescence studies on live parasites and immuno-electron
microscopy studies using antibody that recognizes native
protein.

VAR2CSA is currently a leading candidate for a pregnancy
malaria vaccine. Earlier studies reported that transcription of
the var2csa gene is upregulated in CSA-selected as well as pla-
cental parasites, and that antibody levels against VARZCSA
increase over successive pregnancies [30]. However, surface
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expression of this protein in placental parasites has not yet been
confirmed. We idenlified peptides corresponding to VAR2CSA
in membrane fractions of non-CSA-binding parasites from
children as well as CSA-binding placental parasites. Specific
VARZCSA forms appeared to be upregulated in placental par-
asites, while other forms appeared to be expressed at similar
levels in placental versus children’s samples. Future studies
should examine the VAR2CSA variants and other membrane-
associated proteins identified in these studies for their
separate roles in placental malaria pathogenesis and protective
immunity.
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In areas of stable malaria transmission, susceptibility to Plasmodium falciparum malaria increases during
first pregnancy. Women become resistant to pregnancy malaria over successive pregnancies as they acquire
antibodies against the parasite forms that sequester in the placenta, suggesting that a vaccine is feasible.
Placental parasites are antigenically distinct and bind receptors, like chondroitin sulfate A (CSA), that are not
commonly bound by other parasites. We used whole-genome-expression analysis to find transcripts that
distinguish parasites of pregnant women from other parasites and employed a novel approach to define and
adjust for cell cycle timing of parasites, Transcription of six genes was substantially higher in both placental
parasites and peripheral parasites from pregnant women, and each gene encodes a protein with a putative
export sequence and/or transmembrane domain. This cohort of genes includes var2csa, a member of the variant
PIEMP1 gene family previously implicated in pregnancy malaria, as well as five conserved genes of unknown
functions. Women in East Africa acquire antibodies over successive pregnancies against a protein encoded by
one of these genes, PFD1140w, and this protein shows seroreactivity similar to that of VAR2CSA domains.
These findings suggest that a suite of genes may be important for the genesis of the placental binding

phenotype of P, falciparum and may provide novel targets for therapeutic intervention.

By adulthood, individuals living in areas of stable malaria
transmission acquire clinical immunity as a result of repeated
infection with Plasmodium falciparum (11, 41, 42). However,
women pregnant for the first time become susceptible to in-
fection by antigenically distinct parasites that sequester in the
placenta (6, 17), producing a specific malaria syndrome known
as placental malaria, pregnancy malaria, or pregnancy-associ-
ated malaria, Pregnancy malaria commonly causes severe ma-
ternal anemia, low birth weight, and increased neonatal and
infant mortality. The deaths of between 100,000 and 200,000
African infants each year are attributed to malaria during
pregnancy, making this an enormous public health burden
7).

Placental parasites have distinct properties that suggest a
unique repertoire of surface antigens. Infected erythrocytes
(IE) in the placenta adhere to low-sulfated forms of chon-
droitin sulfate A (CSA), a glycosaminoglycan found on the
surface of the syncytiotrophoblast (1, 2, 20, 22, 25) and
throughout the intervillous spaces of infected placentas (47).
Although the distribution of CSA on vascular surfaces has not
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been fully defined, CSA binding appears to be largely associ-
ated with parasites from pregnant women (18, 57). Conversely,
placental parasites do not typically bind CD36, ICAM-1, or
other endothelial receptors (17, 57) that commonly support
binding of parasites associated with other malaria syndromes
(5, 6, 28, 64).

The frequency and severity of placental malaria decrease
Over successive pregnancics, as women acquire adhesion-
blocking antibodies against placental 1E (21). Serum immuno-
globulin G (IgG) from multigravid women living in areas of
endemicity has been shown to block adhesion of placental or
CSA-selected parasites collected from different continents (18,
21, 54, 66). Adhesion-blocking antibodies are not detected in
males or women before first pregnancy. This pattern of natu-
rally acquired immunity is consistent with repeated exposure to
a finite number of antigens during pregnancy that are not seen
in childhood infections, raising expectations that a vaccine can
be developed once the IE surface antigens of placental para-
sites are identified.

The search for 1E surface antigens of placental parasites has
focused on the var gene family, var genes encode antigenically
varied 200- to 400-kDa multidomain IE surface proteins called
PfEMP1 that have been implicated in adhesion to other re-
ceptors (62, 65). There are 59 var genes in the 3D7 P. falcip-
arum genome (24) and probably similar numbers in other
strains (33).

var gene variants varCS2 (53) and FCR3.varCSA (varlcsa)
(10) have both been linked to CSA binding in studies of par-
asites selected in vitro, Deletion of FCR3.varCSA resulted in
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initial loss of CSA binding, suggesting a role for VARICSA in
binding of the FCR3 parasite line to CSA. However, other
studies suggest that varicsa is not central to adhesion of pla-
cental parasites. Transcription of varicsa is not restricted 1o
placental parasites (19), and scroreactivity to expressed
VARICSA is not parity related (31, 50). After selection on
CSA, the FCR3 knockout parasite regained binding to CSA
and expressed a novel PIEMP1 gene, subsequently shown to be
var2csa (3, 23).

A comprehensive analysis of var gene transcription in CSA-
selected NF54 laboratory parasites revealed that PFL0030c,
now known as varZese, was transcribed at high leveis (60).
Transcription of var2esa has been confirmed in other CSA-
selected laboratory strains as well as isolates from pregnant
women (13, 15). var2csa was recently shown to be the most
highly expressed var gene detected in placental parasites from
Malawi, although one placental parasite sample preferentially
expressed the DBL2y domain of varCS2 (14). CSA-selected
parasites expressing var2csa are recognized by sera from
Ghana and Senegal in a parity- and gender-specific manner
(60, 67) that correlates with protection.

The mass of data accumulated over the last few years is
consistent with the hypothesis that VAR2CSA is the dominant
PfEMP1 associated with parasite adhesion to the placenta.
However, fundamental gaps remain in our understanding of
placental parasites. While VAR2CSA has been shown to be
localized to the IE cell surfaces of CSA-selected parasites (4,
15), there are no published reports of VAR2CSA cell surface
localization in parasites from pregnant women. Cross-linking
experiments examining binding of IE surface proteins to
CSA showed that an unidentified 22-kDa protein and not
VAR2CSA bound to CSA (26), and no studies have demon-
strated that soluble VAR2CSA can inhibit binding of placental
parasites. These findings raise the possibility that other pro-
teins in addition to VAR2CSA are required for the placental
parasite phenotype, for example, as part of a multimeric pro-
tein complex at the IE surface (26), which could also reconcile
the biochemical properties of PIEMP1 with its membrane to-
pology (51). PFEMP1 is synthesized as a peripheral membrane
protein (51} and appears to be part of a complex, rather than
in vesicles in the IE cytosol (32), prior to localization to the
Maurer's cleft and subsequent insertion in the erythrocyte
membrane (35, 43, 51).

Since the erythrocyte lacks a protein transport apparatus,
many of the necessary components must be exported by the
parasite. The predicted secretome responsible for erythrocyte
remodeling, protein transport, and adhesion properties is com-
posed of about 400 proteins with sorting motifs that direct
proteins beyond the parasitophorous vacuole membrane plus
additional proteins that lack these motifs (7, 12, 29, 30, 44, 48,
63). Many secretome proteins are encoded by members of
paralogous families with unknown functions that show dra-
matic expansion in P. falciparum and may define specific viru-
lence properties.

In an effort to characterize the placenta binding phenotype
of clinical parasites and to identify novel antigens that are
expressed by parasites causing infections, we examined the
whole-genome transcriptional profiles of parasites collected
from Tanzanian women with pregnancy malaria. Parasites
were profiled either directly after collection in the clinic or
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after a maximum of 20 h in culture so that gene expression
patterns characteristic of parasites causing discase would be
maintained. Both circulating early-stage parasites and seques-
tered late-stage parasites from women with pregnancy malaria
were analyzed so that the transcriptional profiles of parasites
just prior to and during sequestration could be determined. We
found that increased varZesa expression is always observed in
maternal parasites at both stages of intraerythrocytic develop-
ment and that a suite of five additional genes, all with unknown
functions, is also consistently up-regulated by these parasites.

MATERIALS AND METHODS

Clinical sample collection and parasite adhesion assays. All samples were
collected from study participants in the ongoing Mother Offspring Malaria Stud-
ics (MOMS) Project carried out in Muheza district, northeastern Tanzania, an
arca of intense malaria transmission as previously described (16, 46). Women
provided signed, informed consent for themsclves and their children to partici-
patc in the study and to provide samples for parasite studics. Study procedures
invalving human participants were approved by the International Clinical Studies
Review Committec of the Division of Microbiology and Infectious Discases at
the U.5. National Institutes of Health, and cthical clearance was obtained from
the Institutional Review Board of Seattle Biomedical Rescarch Institute and the
Mational Medical Research Coordinating Committce in Tanzania.

Placental parasitcs were obtained as previously described (17). Parasites from
the peripheral circulation of mothers and children were cultured and tested for
adhesion to immobilized purified receptors, including CSA, hyaluronic acid
{HA), thrombospondin (TSP}, ICAM-1, CD36, and bovine scrum albumin
{B3SA) (control). Assays were performed within 24 k of sample collection {16).

RNA preparation and microarray hybridization. Intervillous blood was ob-
tained by mechanical grinding of placentas, and intraerythrocytic parasites werc
released from red blood cells by saponin lysis. The released parasites were stored
in RNA Later solution {Ambion) at —2(0°C and subsequently solubilized in
TRIzol (Invitrogen). Peripheral parasites from mothers and children were col-
lected and stored in either TRIzol or RNA Wiz (Ambion) and stored at —80°C.
Peripheral parasites from children were enlturced for 20 h until parasites matured
to the trophozoite stage, solubitized in TRIzol, and stored at —80°C.

RNA was isolated according to the manufacturer’s instructions. Microarray
probes were prepared using a MessageAmpll aminoallyl labeling kit, starting
with 1 to 3 pg of total RNA from cach sample, following the kit instructions
{Ambion), Probes were coupled to Cy3 and Cy5 monoesters (GE Healthcare
Biosciences). Probe samples to be compared were combined and fragmented
with RNA fragmentation reagent {Ambijon),

All slides were prehybridized at 63°C with 3X 8SC (1x 8SCis 0.15 M NaCl
plus 0.015 M sodium citrate), 0.1 sodium dodecyl sulfate (SDS), 0.1 mg/ml
BSA for 60 min to 4 h and then washed in nuclease-free water and dried. The
hybridization buffer was 3X SSC, 25 mM HEPES (pH 7.5), 0.75 mg/ml poly(A)
DNA (Sigma), 0.2% SDS. Differential genc cxpression was determined by dircet
comparison of 5 pg of a tabeled probe from maternal-parasite RNA to 5 pg of
a labeled probe with comparable specific activity from child-derived-parasite
RNA. Multiple comparisons were madc for cach clinical parasite sample. Slides
were hybridized at 63°C for 16 to 20 h and washed in 2X SSC, 0.2% SDS,
followed by a wash in 0.1X SSC.

Data were acquired with GenePix Pro 4000A (Molecular Devices) and ana-
tyzed using GenePix 5.1 (Axon Instruments) and Acuity 4.0 {Molecular Devices)
software. Data were normalized using a locally weighted linear regression algo-
rithm without background subtraction, Unflagged spots whose background-sub-
tracted intensities were 3 standard deviations above the lacal background level
were analyzed.

Micrearray fabrication, Microarrays were preparcd by spotting the P. falcip-
arum penome set of 70-mer oligonucleotides {Operon Biotechnologies) and 395
PfEMP1 70-mer oligonucleotides. These include the primary 3D7 elements from
the Operon set, additional domain-specific elements designed for selected 3D7
var genes, elements from sequences obiained from field studies, the conserved
regions from type A PfEMP1 genes implicatcd in severe malaria (37), and
consensus var2esa clements designed by aligning 317, I'T4, and DD2 strains of P
falciparum. In total, 4,872 3D7 P. falciparum genes were represented by oligo-
nucleotide probes, Costom oligenucleotides were designed manually or using
OligoArraySelector software and then synthesized (Illumina). All oligonucleo-
tides were resuspended in 3X SSC to a concentration of 50 uM and spotted in
duplicate on cach UltiraGapll slide {Corning), using a Gene Machine GR-04
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TABLE 1. Real-time-PCR primers

INFECT. IMMUN,

Reverse primer

5" -CATCAACATGTGGTTCTTGTC-3'
5-TGTTCCTTTGGTATACCTTGTG-3'
S"-TTTTCACTCTTACATAATTCATTCC-¥
5 -AAATCATTATAAGTTCCGGATG-3'
5'-AAATTCTTAAAGCGGTTTTACC-3'
5'-TTTTAAGGGTTTCTTCACATTC-3'
S-AACCTGTTTGTACTTCATCTGC-3'
5-AGATATCCCATACGTTGACAAG.-3'
5'-TCATCTACGTCTTCAATTTCATC-3'
5'-AGCTTTCCATGCAATTCTTAC-3'
5-TTGATTTATACCATGTTTCACG-3'
5"-TGATGGTATGTTGACAGAATTATC-¥
5"-TCAGCATATCTTTCGTTCATAAG-3
5'-GATTGTAATTCATGATTGTCCTC-¥
5'-TTCGGCACATTCTTCCATAA-3'

Gene Forward primer
FFBQ!15w 5'-AAGGTATACCAAAGGAACAACC-Y
PFBO115w 5 -AGAACAACAGAATTATCAACTACATC.3
PFDI140w 5'ATGAAGCGTTGAATCTTTTATC-3'
PEDI 140w 5 -GATATTGATGATATTGAAGAAGAGG-3
PFII785w 5'-ATCTGCAGGTAGATATTCATGG-3'
PFI1785w 5-GAAATGAAGAAAGGAAATTTAGC-3"
PFFO435 5-CAAGGAGAAGCTGGTGTTATAG-3'
PFFO435 5 -TGATAAATTAGGTGCTCCATTC-3'
PFELO050c 5'-AAATTCAGTAAGAATTGCATGG-3'
PFLO050c 5'-ATGAATGTCGTCATATTGTTCC
MAL7P1.225 5 -TAGCTAAAGATGGATTTGATGG-3'
MAL7P1.225 5'-ATGGATTTGATGGTATGTTGAC-3'
PF10-0013 5" TITAGGAGATTCATTGAAGAGAAC-3'
PFIO-0013 5'-ATATCGGAACAAACTTCTGATG-3'
PFG7 0073 5'- AAGTAGCAGGTCATCGTGGTT-3'
PFi4_0425 5 -TGTACCACCAGCCTTACCAG-3'

5'-TTCCTTGCCATGTGTTCAAT-3'

Omnigrid oligonucleotide arrayer (Gene Machines). Slides were cross-linked
and blocked using protocols from http:/derisilab.ucsf.edu.

Quantitative reverse transcription-PCR (Q-PCR). DNA was removed from
RNA with Turbo DNasc {Ambion), following the kit instructions. RNA was
reverse transcribed for 2 b at 46°C using Superscript [11 (Invitrogen) and primed
with random nonamers (Sigma Aldrich). RNA from ring stage parasites was
prepared by amplification using a Message Amp IT kit (Ambion). PCR primers
for selected genes were designed using Primer3 sofiware (58). Real-time PCR
was performed with the 7500 fast real-time PCR system (Applied Biosystems) for
45 cycles at 59"C using a SYBR green master mix kit (Applicd Biosystems) and
0.5 mM primers, PCRs were performed in triplicate. Relative quantitation of
RNA expression was done using the AACT method (user bulletin 2; Applicd
Biosystems), using scryl-tRNA synthetasc and fructose biphosphate aldelase as
constitutive contrals (60). Maternal samples were compared to samples from
children, which scrved as the calibrator, P values were dctermined using the
Kruskal-Wallis algorithm. Primer pairs used in this study are listed in Table 1,

Cell cycle mapping. Hourly microarray studies encompassing the 48-h HB3
blood stage cycle (8) were uscd to map the developmental timing of clinical
samples. We determined that 1,847 clements had valid spats across 51 of 55
microarrays in the HB3 series (i.c., all arrays other than TP_la, TP_7b, TP_l1a,
and TP_39}. The intensity of each clement at each time point was divided by total
intensity of Cy5 for the corresponding time point, and the logarithm was taken
from the result of the division. Clinical sample microarrays were treated simi-
larly. Elements common to both datasets were used to calculate both Euclidean
and correlation distances between datasets. Correlation distances were defined
as 1 minus the correlation cocfficient. Euclidean distances were centered by
deducting the mcan of all 51 distances and plotted.

Multiple regression analysis. For cach probe, the log, intensities of all sam-
ples were calculated from microarray ratios by using multiple regression analysis.
The design matrix was designated with values 1 and ~1 in positions where
samples were arrays in Cy3 and Cy3, respectively. P values corrected for multiple
testing were caleulated according to the Westfall-Young algorithm (69).

Hierarchical clustering of timing profiles. Timing profiles in correlation dis-
tances from differcnt microarray slides from the same clinical samplcs were
calculated, and their means were used for cluster analysis. Hierarchical clustering
was performed using Euclidean distances and an average linkage algorithm.,

PCA of the blood stage cycle. The 51 HB3 blood stage microarrays with valid
spots (sec above), plus all clinical microarrays from the current study, were
normalized by total intensity and log transformed, If valid signals for a particular
element existed in at least half of the arrays for a clinical sample, their mean
value was used as the intensity of the element. Between 51 blood stage arrays and
20 clinical samples, therc was a data set of 1,554 shared elements. Principal-
component analysis (PCA) of the 51 blood stage time points (restricted 1o the
described 1,554-element data set) showed that the first three components can
be retained, and they explain 93% of the variance. After varimax rotation, these
three principal components corresponded 1o the late ring-early trophozoite, late
trophozoite-early schizont, and late schizont-early ring stages (see Fig. $3 in the
supplemental material). Loading of clinical samples on the principal compenents
was calculated as a corr¢lation coefficient between each elinical sample and the
principal components.

PfEMPI gene expression analysis, All microarray clements were blasted
against 97 PfEMP1 genes, pseudogenes, and truncated genes from the 307
strain. Partial homology with an E score of 6e—10 or lcss was considered a hit
(sce Table $3 in the supplemental material). Three hundred ninety-six elements
were selected. The intensity of cach element in each array was divided by the
total intensity for the corresponding array. If the intensities of duplicate spots
differed twafold or more, both spots were considered invalid, Otherwise, their
average value was taken. If any array had an clement whose intensity differed
morc than threefold from the mean intensity of the element for that clinical
sample across all applicable arrays, then that element was excluded from further
analysis. Afier this step, 377 clements had consistent measurements across all
clinical samples. The switched-off expression level of a particular element was
calculated as the mean expression level of the three lowest-cxpressing clinical
samples (out of 11) of the same element. As a compromise between sensitivity in
detection of switched-on expression and reduction of false scoring due to low-
homelogy cross-hybridization by other PEEMP1 genes, we counted an clement as
switched on in a clinical sample only if its mean expression level exceeded its
switched-off expression level eightfold or more,

Cloning and expression of PFD1140w, cDNA cncoding the predicted cxtra-
cellular portion of PFD1140w {amino acid residues 34 through 347) was ampli-
fied using genomic 3D7 DNA and PCR with two primers: forward (CCCCTCG
AGATGGACTACAAAGACGATGACGATAAGAAAAGTTCTAGTGGCT
CATGTGTTAATAG) and reverse (CCCGGATCCTTAATTAGACAAAGCA
TCAATAATTTTTTITITC). The forward primer introduced the coding
sequence for the FLAG cpitope. The PCR fragment was cloned into the Xhol
and BamHI restriction sites of the pEU-E01-MCS vector (CellFree Sciences),
Transcription and translation in the wheat germ cell-free system were performed
according to the manufacturer’s instructions. To confirm synthesis, synthetic
protein was purified on anti-FLAG resin (Sigma) by using 3X FLAG peptide and
analyzed by SDS gel electrophoresis and Coomassie blue staining (see Fig. 5A).

Seroepidemiology of PFD1140w. Mock and PFD1140w translation mixtures
were diluted 1:10 with Superblock (Picree} and incubated (100 pl per well) in
anti-FLAG 96-well plates (Sigma) ovemight at 4°C for rapid immeobilization/
purification of antigen. Human sera {from regions of malaria endemicity as well
as from nonimmune individuals from the United States) were preincubated
overnight at 4°C with equal volumes of 10 mg/ml normal mouse IgG and then
diluted 1:100 and added to enzyme-linked-immunosorbent-assay plates. After
2 h of incubation at room temperature, wells were washed with phosphate-
buffered saline—0.05% Tween 20 solution and incubated 1 b at room temperature
with horseradish peroxidase-conjugated donkey anti-human IgG (heavy plus
light chains) antibody (Jackson Immunoresearch) (diluted 1:1,000). Reactivity
was measured using 100 pliwell of enhanced-chemiluminescence substrate
(Amersham Biosciences) and a Fluoroskan Ascent FL fluorometer/luminometer
{Thermo Labsystems). The value for the PFD1140-specific signal was calculated
by subtracting the value for the control signal (for cither the mock translation
wells tested with the same serum or the PFD1140w wells tested with nonimemune
serum, whichever was greater) and then normalized by dividing it by the value for
the signal in the control wells (and as a consequence, the PFD1140w reactivity
was cxpressed as the increase [n-fold] over the control value). Differences be-
tween groups were analyzed using the Mann-Whitney test.
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TABLE 2. Binding phenotypes of parasites from women with pregnancy malaria and from children with malaria

Result for indicated rcceptor or test

Sample Gravidity
BSA CD36 CSA HA TSP ICAM M Q-PCR
PLCNT 1667 Primigravid - - + - - - + ¥
PLCNT 221¢ Primigravid - - + - - - ND +
PLCNT 222¢ Primigravid - - + - - - + NI
PLCNT 9187 Primigravid - - + - - - + +
PLCNT 9207 Primigravid - - + — — — ND +
PLCNT 10107 Primigravid - - + - - - ND ND
PLCNT 986° Secundigravid - - + - - - ND ND
PLCNT 038" Multigravid - - + - - -~ + ND
PLCNT 661° Multigravid - - + - - - + +
PLCNT 8367 Multigravid - - + - - - ND +
CH-TR 055° NA - + - - - + ¥
CH-TR 662° NA - - - - - _ + +
CH-TR 669" NA, - - - - - - + +
CH-TR 8527 NA - + - - + - + +
MT-PER 918° Primigravid - - + - - - + ND
MT-PER 920" Primigravid - - - - - - + +
MT-PER 1000° Primigravid - - - - - - ND +
MT-PER 1010° Primigravid - - - - - - ND T
MT-PER 986 Secundigravid - - + - - - ND +
MT-PER 836° Multigravid - - + - - - + +
CH-PER 073" NA + +
CH-PER 135" NA - + - - - - + T
CH-PER 140° NA - - - - + + + ND
CH-PER 372° NA + +
CH-PER 413" NA - + - - - + + +
CH-PER 425° NA + +
CH-PER 451" NA + ND
CH-PER 711* NA - + - - + - + +

“ Binding phenotypes of placental parasites from women with pregnancy malaria and of trophozoites cultured from peripheral blood samples drawn from children
with malaria, Parasites were extracted directly from infected placentas and tested for interaction with a panel of host receptors by using standard binding assays {16).
+ indicates >20 adherent infected red blood cells in 20 high-power fields for the control (BSA) and test (CD36, CSA, HA, TSP, and ICAM) receptors. Samples denoted
with the PLCNT prefix are maternal placental parasites, and those with the CH-TR prefix are trophozoites cultured from infected children, NI, not done; NA, not
applicable. Column M indicates samples that were used for microarrays. The transcriptional profiles of placental parasites and children’s trophozoites were compared
by microarray analysis and validated by Q-PCR. Additional samples werc analyzed by Q-PCR for validation of microarray results, PLONT 986 and PLCNT 1010 are
placental samples from the same mothers as peripheral samples used only for Q-PCR validation.

b Binding phenotype from peripheral parasites cultured to the trophozoite stage from women with pregnancy malaria and children with clinically diagnosed malaria.
Samples denoted with the MT-PER prefix are from maternal peripheral parasites, and those with the CH-PER prefix are from peripheral parasites from children. As
described in footnote g, the transcriptional profiles of peripheral parasites from women with pregnancy malaria and children with malaria were compared by microarray

analysis and validated by Q-PCR.

RESULTS

Binding characteristics of clinical samples of parasites, The
receptor binding profiles of parasite samples were determined
by standard static adhesion assays (16). Parasites obtained
from placentas were assessed directly for their binding prop-
erties without prior in vitro cultivation. Placental IEs bound
CSA but not other receptors, including HA (Table 2). Tropho-
zoites derived in vitro from circulating peripheral parasites of
both pregnant women and children were assayed for binding
against the same receptors. Parasites cultured from maternal
peripheral blood samples also adhered exclusively to CSA (Ta-
bie 2). In contrast, parasites collected from children did not
bind to CSA but instead adhered to a variety of receptors,
including CD36, indicating the more diverse array of parasite
forms infecting children (Table 2). No binding was detected for
samples where parasitemia was low, consistent with other re-
ceptor binding studies (16).

Developmental stage of clinical samples defined by microar-
ray analysis. Genome-wide transcript expression profiles,
taken at hourly intervals of the 48-h intraerythrocytic develop-
mental cycle of HB3 parasites, have revealed a pattern of

periodic expression for over 80% of the expressed genes (8,
39). The phascogram depicting gene expression for the com-
plete HB3 intraerythrocytic cycle (40) emphasizes that cell
cycle timing is an important potential confounding factor in
studies that examine phenotype-specific gene expression. We
used whole-genome spotted microarrays to obtain the gene
expression patterns of clinical parasite samples, studied imme-
diately after collection or during the first cycle of in vitro
development (Table 2). To map the celt cycle position for each
sample, the expression profile obtained by microarray analysis
was compared to the publicly available HB3 intraerythrocytic
cycle time series (DeRisi laboratory malaria transeriptome da-
tabase [http://malaria.ucsf.edu]). The HB3 time point with the
closest resemblance to each clinical sample was identified using
both Euclidean distance measuremenis and correlation com-
parisons between matched probes. The timing of all clinical
samples is summarized in Table 3. The cell cycle position of
each clinical sample calculated by the two methods was highly
concordant, adding a measure of confidence to our analyses.
These measurements indicate that the peripheral samples
are well matched with respect to cell cycle timing, minimizing

8002 '8Z ABrugs 4 uo NOLONIHSYAM J0 AINN 18 Bio'wse'tel woy pepeojumog



4842 FRANCIS ET AL.

TABLE 3. Summary of cell cycle positions of microarray samples as
determined by Euclidean distance and correlation distance
comparison with the 48-h asexual stage transcriptome
of P. falciparum

Closest time point (h) for:

Clinicai sample Euclidean Correlation
distance distance
MT-PER 836° 13 13
MT-PER 918" 13 12
MT-PER 92(P 13 13
CH-PER 073" 1 12
CH-PER 135° 10 10
CH-PER 1408 12 12
CH-PER 372° 6 13
CH-PER 413" 12 12
CH-PER 4257 13 13
CH-PER 451° 13 13
CH-PER 711° 12 10
PLCNT 038° 3 3
PLCNT 166° 24 24
PLCNT 222° 31 31
PLCNT 661% 24 24
PLCNT 918° 31 31
CH-TR 095° 31 31
CH-TR 662° 47 47
CH-TR 66%° 31 3
CH-TR 852* 31 31

? Cell cycle timing of peripheral parasites isolated from women with pregnancy
malaria and children with malaria that were used to identify genes that are
differentially expressed during the ring stage of development (the stage imme-
diately preceding parasite adhesion ta the placenta). The HB3 P. falciparum
transcriptome database (DeRisi laboratory) was used 10 map the time after
invasion of rcd blood cells for all clinical samples used for microarray analysis.

b Cell cycle timing of placental parasites and trophozoites cultured from chil-
dren used for comparison of gene expression levels for placental binding and
nanbinding parasites.

this as a major confounder in our analysis of binding pheno-
type differences between groups. The closest correlation dis-
tance for all peripheral samples maps to between 10 and 13 h
of the HB3 blood stage cycle, with the majority of samples
falling between 12 and 13 h (Fig. 1A). The corresponding
overlaid Euclidean distance plots for all peripheral samples
show the same trends (Fig. 1C). Correlation distance plots for
replicates of all samples are also shown in Fig. S1 in the
supplemental material. All Euclidean distance plots are shown
in Fig. 82 in the supplemental material. A high level of repro-
ducibility between arrays is seen.

Placental parasite samples and trophozoites cultured from
child-derived samples show greater diversity in cell cycle timing
than the peripheral parasite samples. The child-derived sample
CH-TR 662 is poorly synchronized and most nearly resembles
synchronized HB3 parasites at the 47-h time point rather than
those at the trophozoite stage (between 18 and 32 h) (see Fig.
S1 and 52 in the supplemental material). This sample was
excluded from all further analyses. Two out of five placental
parasite samples map to 24 h, while all other placental samples,
as well as all of the remaining trophozoite samples from chil-
dren, most closely resemble the 31-h HB3 profile. To visualize
these differences, child-derived sample CH-TR 852 with a best
fit at 31 h is shown superimposed on the PLCNT 166 correla-
tion plot (Fig. 1B} and the corresponding Euclidean distance
plot (Fig. 1D), which maps to 24 h. Correlation and Euclidean
distance measurements for the placental and child-derived tro-

INFECT. TMMUN,

phozoite samples indicate that the two methods yield similar
results (see Fig. S1 and $2 in the supplemental material).
Hierarchical clustering of all time profiles places PLCNT 661
and PLCNT 166 between the ring and trophozoite samples
(Fig. 1E). The correlation and Euclidian distance results were
consistent with the PCA rtesults in which the 48-h intraerythro-
cytic developmental cycle is reduced to three principal com-
ponents correspending to the early ring-late schizont, late ring-
early trophozoite, and late trophozoite-early schizont stages
(Fig. 1F).

var2csa is highly expressed by peripheral parasites from
pregnant women. We aligned 3D7, IT4, and Dd2 sequences of
var2csa and identified nine unique, well conserved 70-mer se-
quences for use as microarray elements (Fig. 2). These ele-
ments are also generally conserved in the recently sequenced
Ghanaian clinical parasite sample (Fig. 2). Multiple pairwise
comparisons between three maternal peripheral samples and
cight samples from children were performed (see Table S1 in
the supplemental material). Four out of seven var2esa ele-
ments were well detected by a probe prepared from maternal
parasites; two of three elements that performed poorly were
the least conserved compared to the Ghanaian sequence. Two
additional elements with greater than 90% sequence identity
with var2csa were discovered during analysis of the hybridiza-
tion experiments. Element var2csa 4038 (derived from a cDNA
clone of the placental parasite pl28b) was originally thought to
be a divergent DBLy domain of varlcsa (19) but is identified
here as a clinical variant of var2csa. The other ¢lement maps to
the probable 5' untranslated region (37) of var2cse 653 bp
upstream from the putative initiator methionine (Fig. 2).

Of 396 possible var elements spotted on these arrays, the
probe prepared from pregnancy malaria peripheral parasites
hybridized exclusively to 11 var2csa elements (Fig. 3A). In
contrast, peripheral parasites from children showed no unify-
ing trends. Signals were reliably detected for 56 elements that
have homology to 30 genes and pseudogenes in the 3D7 ge-
nome. Elements designed from conserved regions of group A
PIEMP1 genes were most frequently recognized by parasites
from children, and some minor trends can be observed. For
example, four PFD1235w elements, positioned along 1,850 bp
of the gene, were recognized by CH-PER 711, consistent with
a high degree of conservation. Signals from three out of four
elements of PFF0020c were also detected for CH-PER 711, In
seven other cases, two elements from the same 3D7 gene
hybridized with the same clinical sample. Interestingly, there is
very little consistent recognition of a particular element across
samples from children (Fig. 3B). The diversity of var tran-
scripts detected in parasites from children could be due in part
to differences in binding phenotype profiles between parasites.
Alternatively, CD36 binding is common to most of these sam-
ples from children, and multiple 3D7 var genes appear to have
the capacity to bind CD36 in vitro (55), which may also be the
case in vivo.

Six up-regulated genes distinguish pregnancy malaria par-
asites from child-derived parasites at both the ring and tro-
phozoite stages. Multiple regression analysis of all sample rep-
licates was performed, and an average value was extracted for
each element. Hierarchical clustering of the Euclidean aver-
aged distances produced a distinct cluster that included mul-
tiple varZesa elements and clements from eight genes (Fig.
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FIG. 1. Timing analysis of each clinical sample in the 48-h intraerythroeytic cyele. (A) Correlation distance plots comparing averages for
replicates for each peripheral bleod parasite sample with the 51 time points from the 48-h HB3 transcriptional profile analysis (8). The three
peripheral samples from women with pregnancy malaria are shown in green, and eight peripheral samples from children with malaria are shown
in black. (B) Correlation distance plet comparing averages for replicate samples of placental parasite PLCNT 166 and averages for replicates of
CH TR 852. (C and D) Euclidean distance plots for samples in panels A and B, respectively. (E). Hierarchical clustering of correlation time profiles
of all clinical samples. (F). Placental trophozoite samples and cultured trophozoite samples from children were loaded onto three principal-
component coordinates to compare their positions in the cell cycle. Child-derived trophozoite samples CH-TR 095, CH-TR 852, and CH-TR 669
and placental samples PLCNT 038, PLCNT 222, and PLCNT 918 are comparably positioned (shown in blue). Placental samples PLCNT166 and
PLCNT 661 have greater representation in the late ring-early trophozoite component (shown in red). Sample CH-TR 662 (in red) has a distinct
timing profile. The 31-h cluster is shown in blue. Samples are identified left to right.

4A). All were expressed eightfold or higher in maternal pe-
ripheral parasites compared to what was found in peripheral
parasites from children. PFB0O715w was expressed 47.5-fold
higher in maternal parasites, a magnitude of differential ex-

pression comparable to that of the best-recognized elements of
varZesa, Q-PCR of peripheral parasite samples from women
with pregnancy malaria (including some samples that were and
some that were not used for microarray studies) confirmed that
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FIG. 2. varZcsa microarray elements. Schematic of consensus 70-mer nucleotide microarray elements showing DBL domain assignments.
Elements were designed by aligning var2csa sequences from different laboratory strains of P. falciparwm. 3D7, Ghana-1, and Ghana-2
indicate percent sequence identity of array elements with 3D7 and two recently sequenced var2csa homologs obtained from a clinical sample
{Ghanaian P. falciparum genome sequence; Sanger Center), Operon element M59463_1 (made against MALI3P].353, no longer annotated)
maps to bp —653 relative to the PFLO#30c translation start site. The clement at position 4038 was designed from a DNA sequence amplified
from placental isolate pl 28b, using degenerate DBLy domain primers (19). Element positions are relative to the 3D7 gene PFL0030¢c, UTR,

untranslated region.

these genes were significantly more highly expressed by para-
sites from maternal peripheral blood samples (Fig. 4B).

As was seen for the peripheral parasite microarrays (see
Table 81 in the supplemental material), the number of genes
that were expressed twofold or higher by placental parasites is
small (see Table S2 in the supplemental material). Among the
genes that were upregulated in peripheral parasites of preg-
nant women, the expression levels of PFB0115w, PFD1140w,
PFEI1785w, PFLOO50c, MAL13P1.320, and varZcsa were also up-
regulated in placental parasites, whereas those of MALI3P1.470,
PFF0435w, and PFL1385c were not (Fig. 4C). Genes found by
microarray analysis to have increased expression in placental
parasites were validated by Q-PCR (Fig. 4D).

In total, 8 different maternal samples derived from either
peripheral blood samples or placentas from women with preg-
nancy malaria were compared with 11 parasite sampies col-
lected from peripheral blood samples from children and as-
sayed directly or cultured to the trophozoite stage. A small
number of genes were found to be expressed at higher levels by
parasites from women with pregnancy malaria. Despite differ-
ences in the developmental stages of maternal parasites, six
genes were common to both analyses. In addition to these six
genes, MAL7PL.225 and PFI0_0013 were more highly ex-
pressed by placental parasites, while MALI3P1.470 was more
highly expressed by ring stage parasites from pregnant women.

Genes up-regulated in pregnancy malaria parasites have
coordinated timing of expression. The transcription profiles
for genes that differ most consistently over the course of blood
stage development were extracted from the intraerythrocytic
cycle database (malaria transcriptome database [http://malaria
-uesf.edu]). K means clustering produced six expression pro-
files (Fig. 5). Four of six clusters have well-defined expression
patterns roughly corresponding to peaks at the ring stage, late
ringfearly trophozoite stage, mid- to late trophozoite stage, and
schizont/early ring stage (Fig. 5A, B, C, and D). One cluster is
less well defined and has broader transcript timing (Fig. SE),
and one cluster is composed of genes whose expression levels
are close to the background level across the intraerythrocytic
cycle (Fig. 5F).

The genes (PFB0115w, PFD1140w, PFI1785w, and PFL0050c)
that were most highly expressed in both peripheral and pla-
cental parasites from pregnant women cluster with genes ex-
pressed maximally at the late ring/early trophozoite stage (Fig.
5A). This expression pattern coincides with the disappearance

of trophozoite stage parasites from the peripheral circula-
tion because of sequestration in tissues. Expression of
var2csa was not detected in the HB3 time series; maximal
varZcsa expression was observed at 6 hours postinfection in the
3D7 blood stage time course (malaria transcriptome database
[http:/imalaria.ucsf.edu]). Other studies indicate that the
varZcsa message is present during the ring and early tropho-
zoite stages (60). MAL13P1.320 does not follow the same tran-
scription profile and instead clusters with genes expressed at a
low level across much of the HB3 cell cycle (Fig. 5F).

Serum recognition by PFD1140w is gender and parity spe-
cific. Genes with increased transcription in parasites from
pregnant women were expressed by in vitro translation and
tested by an enzyme-linked immunosorbent assay for reactivity
against East African sera. Thirty-three sera from multigravid
and 20 sera from primigravid women from a high-malaria-
transmission area in Tanzania were compared for reactivity
against PFD1140w, PFI1785w, PFB0115w, MAL13P1.320, and
MALI3P1.470. Reactivity against recombinant PFD1140w was
significantly higher with sera from muitigravid women, suggest-
ing that antibodies are acquired over successive pregnancies
(Fig. 6). None of the other expressed proteins showed signifi-
cant parity-specific seroreactivity profiles. PFB0115w was more
reactive against sera from multigravid women, but differences
between multigravid and primigravid sera were not statistically
significant. Other expressed proteins were poorly recognized
by sera, possibly because of problems with protein folding
(data not shown).

In rural areas around towns such as Muheza, Tanzania,
most women have their first pregnancy within a short age
window, and therefore it is generally difficult to age match
primigravidae with multigravidae. To eliminate age as a
confounder, we compared the reactivities of sera from 22
multigravid women (median age, 28 years) with those of sera
from 22 males (median age, 29 years) living in an area of
intense malaria transmission near Kisumu, Kenya. Sera
from multigravid women were significantly more reactive
than male sera (Fig. 6), indicating that differences in reac-
tivity were not related to age but were related to pregnancy
and parity. The seroreactivity profile shown for PFD1140w
matches that previously reported for VAR2CSA using the
same sera (50). Reactivity to the control malaria antigen
apical membrane antigen (AMA-1) did not differ signifi-
cantly between primigravidae and multigravidae in Tanzania
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FIG. 3. PfEMP1 gene expression. (A) Checkerboard representation of expression by members of the PFEMP1 gene family by different
clinical samples. Gray boxes denote samples that hybridized to that PEEMP1 probe. PFEMPI genes were grouped according to the
classification scheme in reference 37. The probe position for each PFEMP1 element is based on the 3D7 nucleotide sequence and is indicated
as part of each gene name. (B, C, D) Comparison of signal intensities (filled bars) among clinical samples for elements PFL0030¢-5053 (B),
PFC0005w-4450 {C), and PFL1955w-5979 (D). Open bars show background intensity.

or between males and multigravidae in Kenya, and all East
Alfrican sera reacted to this antigen in our studies (50).

DISCUSSION

The receptor binding profiles of parasites derived from preg-
nant women did not overlap with those for children (Table 2),
thus providing an opportunity to identify differentially regulated
genes that distinguish placental parasites from other parasite
forms.

Since ver gene transcription is greatest during ring stage
development (36), we speculated that other adhesion pro-
teins or proteins related to the binding phenotype might
have coordinated expression in ring stage parasites. We
assumed that peripheral parasites were representative of
placental parasites, because peripheral parasites of pregnant

women mature into CSA-binding trophozoites (16, 17) and
develop seroreactivity profiles similar to those of placental
parasites (49)., Consistent with this, we found a striking
overlap in up-regulated genes from both peripheral and
placental parasites (Table 4).

Cell cycle analysis. With the exception of child-derived tro-
phozoite parasites that had been grown in culture overnight, all
clinical samples used in these studies were processed immedi-
ately after collection for subsequent use in transcriptional stud-
ies. To determine the cell cycle timing for each clinical sample
used in this study, the transcriptional profile obtained by mi-
croarray analysis was compared with the transcriptional profile
at every hour of the 48-h intracrythrocytic cycle, using the
publicly available data set (malaria transcriptome database
{http://malaria.ucsf.edu]), by Euclidean and correlation dis-
tance measurements. Similar results were obtained using both
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FIG. 4. Genes with increased expression in parasites obtained from women with pregnancy malaria. (A) Heat map of highly up-regulated genes
expressed by peripheral parasites from women with pregnancy malaria based on Euclidean hierarchical clustering. (B) Expression levels of
up-regulated genes identified by microarray analysis compared to seryl tRNA synthase constitutive control levels as detected by Q-PCR. (C) Heat
map of transcription by trophozoite stage parasites, focused on the var2csa gene cluster identified in maternal peripheral parasites. (D) Q-PCR

analysis of trophozoite stage gene expression,

methods (Fig. 1). We found that ring stage parasites from
peripheral blood samples matched HB3 timing most closely at
10 to 13 h after invasion of the red blood cell. The basis for the
striking concordance in cell cycle timing of peripheral parasites
is unknown but may be due in part to the increased level of
transcription in late-ring-stage (10 to 13 h) parasites, which
could contribute disproportionately to the hybridization signal.
Regardless, the closely matched cell cycle timing gives us
greater confidence that expression differences between these
parasite phenotypes are related to CSA binding or to the
specialized physiological milieu of the placenta rather than to
differences in the cell cycle.

In contrast to the peripheral parasites analyzed here, the tro-
phozoite stage samples fall into two distinct time classes at 24 h
and 31 h of development. When the 31-h placental samples
(PLCNT 038, PLCNT 222, and PLCNT 918) are compared to
31-h child-derived trophozoite samples (CH-TR 095 and CH-TR
852), a subset of the genes identifted in the ring stage comparisons
(PFD1140w, PFBO115w, PFI1785w, PFLO050c and PFL0030c/
var2csa) are found to be expressed at two- to fourfold-higher
levels in placental parasites (see Table S2 in the supplemental

material). Comparison of the 24-h placental parasite samples
(PLCNT 661 and PLCNT 166) with the 31-h trophozoites from
children suggests a much higher level of differential expression in
these genes (see Table S2 in the supplemental material), presum-
ably due in part to the differences in cell cycle timing. This em-
phasizes the importance of determining the developmental stage
of parasites in clinical samples.

var2csa is up-regulated in all parasite samples from women
with pregnancy malaria. VARZCSA is a semiconserved mem-
ber of the PIEMP1 family (34, 60) that has been previously
implicated as a mediator of adhesion to the placental receptor
CSA. We found that var2csa was differentially expressed by
both peripheral and placental binding parasites of pregnant
women. In contrast, varZcsa expression was reliably detected in
only one child-derived sample (CH-PER 413), and here, only
a few elements were hybridized and the signal was much less
intense than those in maternal samples (Fig, 3B). The varZ2csa
hybridization pattern of CH-PER 413 may have resulted from
cross-hybridization with another expressed PFEMP1; however,
this was not seen for other samples from children. Alterna-
tively, the sequence of var2csa expressed by this parasite may
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FIG. 5. Coordinated expression of genes with increased expression
in parasites from pregnant women. (A to F) In microarray data from
reference 8, K means clustering was used to define six major expression
profiles of genes during intraerythrocytic development of laboratory
parasites. Four genes that are up-regulated in parasites from pregnant
women (PFBOI15w, PFDI140w, PFII785w, and PFL00O50c) (highlighted
in red) cluster with a single group of genes that are most highly expressed
during late-ring/early-trophozoite development.

diverge extensively from the sequence of var2csa expressed by
parasites from pregnant women. Curiously, two elements rec-
ognized by the CH-PER 413 probe appear to be the most
variant of those designed from conserved regions of this gene.
This may indicate that a subset of var2csa variants is specifically
associated with placental parasites.

>
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Five genes are coexpressed with var2csa by parasites causing
pregnancy malaria. We identified a small cohort of genes that
mirror the varZesa expression profile in both peripheral and
placental parasites from pregnant women. Genes included in
this group predict proteins with transmembrane and/or signal
sequences (Table 4). Three of the five differentially expressed
genes identified here have putative export motifs (Table 4)
that are consistent with transit to the erythrocyte (30, 44).
PFD1140w has a PEXEL sequence (44), while PFL0050c and
PFII785w each have a VTS motif (30). Interestingly, PFiI785w
belongs to a P. falciparum family composed of 16 uncharacter-
ized hypothetical genes, most of which have predicted export
sequences (PlasmoDB). PFB0115w and MALI3P1.320 have
neither a PEXEL nor a VTS metif. However, this does not
exclude trafficking of these proteins to the red blood cell by
alternate export pathways, as has been suggested for skeleton
binding protein 1 (shpl protein) and Maurer’s cleft histidine-
rich protein, which lack PEXEL/VTS motifs but nevertheless
localize to the Maurer’s clefts in the red blood cell cytoplasm.

Additional genes were differentially expressed by only ring
stage or only mature-stage parasites from pregnant women and
may play a role in the placental parasite phenotype as well.
These genes include two members of the HISTa gene family
(61), consisting of 42 paralogs in P. falciparum (P. falciparum
gene database, Sanger Center [http://www.genedb.org/]) that
encode proteins with putative PEXEL sequences (61) as well
as PFi10_0013, which has a PEXEL motif (44) and has been
localized to the Maurer’s cleft by proteomic analysis (68) (Ta-
ble 4). Future studies will be required to determine whether
these proteins are trafficked to the erythrocyle as well as how
these expanded gene families affect the pathogenesis of P.
falciparum malaria. A recent photolabeling study suggested
that a 22-kDa protein on the IE surface may bind CSA (26).
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FIG. 6. PFD1140w seroreactivity. Recombinant PFD1140w is recognized by human sera from areas of malaria endemicity in a gender- and
parity-dependent manner. (A) Coomassie-stained gel of affinity-purified cell-free expressed PFD1140w., Control, material purified from mock-
translated reaction mixture. M, molecular mass markers with corresponding values (in kilodaltons). Low-molecular-mass material in both samples
is FLAG peptide used for elution. (B) Reactivity of PFD1140w with sera from Muheza, Tanzania, where malaria transmission is intense. Multi,
sera from multigravid women. Primi, sera from primigravid women, AU, arbitrary units. P, Mann-Whitney P value. N indicates the number of
samples. The top of the box, bottom of the box, and line through the middle of the box correspond to the 75th, 25th, and 50th (median} percentiles,
respectively. The whiskers indicate the 10th and 90th percentiles. {C} Reactivity of PFD1140w with sera from Kenya, where malaria transmission
is intense. Male, sera from male donors. Other abbreviations and representations are as described for panel B.
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TABLE 4. Characteristics of genes with increased expression in pregnancy malaria parasites by microarray analysis
Fold increase in Result for:
expression of: ) Potential Maximum
Gene export Mass €Xpression Stage(s) of No. of Function
Maternal Placental . (kDa) . hy expression® paralogs
peripheral ’ $S/TM" VTS PEXEL  Sequence time (
. parasttcs

parasites
PFLO030c 14.2 6.4 —+t + + RWLTE 3552 ND ND 59 PfEMP1
PFBO115w 47.5 4.0 —/=c - - 141.8 16 ET,LT 1 Hypothetical
PFD1 140w 16.9 6.3 b - + RNLSE 40.8 18 LR,ETLT 3 Hypothetical
MALI3PI320 16.9 34 +/+ — - 80.1 ND LR,ET,LT 1 Hypothetical
PFLOG50c 9.6 6.2 —{=° + - RILSS 77.1 18 ES 1 Hypothetical
PFII785W 8.2 10.3 =/ + - RISLE 39.5 22 ET,LT 17 Hypothetical
PFIQ 0013 NI 44 +/= - + RLISE 276 18 LR 4 Hypothetical
MALI3PL470 9.9 NI ~f+0 - - RNLSE 48.9 20 NP 42 Hypothetical
MAL7PL225 0.6 5.1 —/+0d - - RNLSE 29.9 18 NP 42 Hypothetical

“The transmembrane domain {TM) was predicted by transmembrane prediction alogrithm TMHMM unless otherwise stated. 58, signal scquence.

# Potential signal anchor sequence.

°TM was predictcd by alternate transmembrane prediction algorithms TMAP, TMPRED, andfor TOPPRED2.

? Alternatc annatation, chr 7 glimmerm_35,
¢ Predicted by PlasmoDB 5.2.
7 For a synchronized HB3 time series profile (8).

¥ 3D7 expression time course (38). LR, late ring; ET, early trophozoite; LT, late trophozoite; ES, early schizont; NP, not probed; ND, not detected; NI, not increased,

None of the genes identified here predict a protein of this size,
although PF10_0013 (27.6 kDa) and MAL7P1.225 {29.9 kDa)
predict slightly larger molecules.

Genes identified in the placental malaria cohort have been
linked to adhesion phenotypes in two other microarray studies.
Mok and coworkers found varZcsa to be one of three var genes
expressed at higher levels by rosetting parasites than by CD36-
selected 3D7 parasites (45). This is curious because rosetting
parasites are common in children, where var2csa transcription
is atypical, but rarely observed in placental isolates, where
var2esa transcription is generally detected (14, 56). Further-
more, the parasites selected to form rosettes failed to bind
CSA (although they did bind to placental sections in a CSA-
independent manner). Notably, PFB0115w was also differen-
tially expressed by the rosetting parasites, suggesting that ex-
pression of var2csa and PFB0I15w may be linked, as was seen
in our study.

An earlier study used microarrays to compare FCR3 para-
sites selected to bind either CSA or CD36 (52). The microar-
rays included FCR3 var-specific probes to allow detection of
PfEMP1 genes. CD36-selected cells differentially expressed a
number of var genes, while only var2csa was differentially ex-
pressed by CSA-selected parasites. Many non-var genes were
also found to have increased expression by FCR3 CSA-binding
parasites, including PFB0OI 15w, PFD1140w, and MAL13P1.470,
which were among the most highly differentially expressed
genes at both the ring and trophozoite stages (52). In contrast
to the FCR3 study, we found only six genes with increased
expression in all maternal parasite samples. The smaller cohort
generated by our study might result because more samples
were compared (8 maternal samples were compared to 11
samples from children) or because our studies used clinical
samples that may better discriminate relevant genes. In the
FCR3 study, two biological replicates were analyzed at the ring
and trophozoite stages. The overlap in gene expression be-
tween parasites from women with pregnancy malaria and CSA-
selected FCR3 parasites suggests that the genes identified here
as belonging to the pregnancy malaria cohort merit further

investigation. Our results suggest that only a few differentially
expressed genes, including var2csa, distinguish placental para-
sites. However, due to sequence variation, we cannot exclude
roles for highly polymorphic genes, like rifins, stevors, Pfmc-
2TM, and other PFEMP1 genes, in the development of the
placental parasite phenotype (9).

Seroreactivity of PFD1140w is gender and parity specific.
VARZCSA has been previously shown to have gender- and
parity-specific recognition by immune serum that corresponds
to the pattern of acquired immunity to pregnancy malaria (59,
67). PFD1140w showed a similar seroreactivity profile (Fig. 6).
Whether antibodies against PFD1140w impair or block adhe-
sion to CSA or have some other functional activity against
placental parasites will be addressed in future studies.
PFB0115w had higher reactivity with multigravid sera than
with male sera, but these differences were not significant.
PFB(115w should be studied in larger seroepidemiotogy sur-
veys to assess whether this trend reflects a real difference in
seroreactivity.

In conelusion, our results indicate that a small suite of genes
is associated with the development of the placental parasite
phenotype. Although the roles of the corresponding proteins in
malaria pathogenesis or immunity remain unclear, we specu-
late that some of these proteins may have functions to interface
with the pregnant host in the specialized milieu of the placenta,
such as the putative role in which VAR2CSA adheres to CSA.,
Any proteins that localize to the surface of the IE will become
important candidates for a pregnancy malaria vaccine, partic-
ularly in view of their highly conserved sequences. Defining the
separate roles of these genes in the development of placental
parasites could lead to a better understanding of mechanisms
by which parasites acquire distinct binding properties and yield
novel targets for intervention.
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Plasmodium in the placenta: parasites, parity, protection,
prevention and possibly preeclampsia

PATRICK E. DUFFY
Seattle Biomedical Research Institute, 307 Westlake Avenue North, Seattle, WA, 98109, USA

SUMMARY

The epidemiology of pregnancy malaria infection and disease is complex but reflects underlying interactions between the
Plasmodium falciparum parasite, the mother, and the foetus. Parasites sequester in the human placenta by binding to
chondroitin sulfate A (CSA), a novel receptor that does not commonly support binding of other parasites. Women become
resistant to P. faleiparum malaria over successive pregnancies as they acquire antibodies against the CSA-binding placental
parasite forms. Due to acquired immunity, placental malaria is briefer and less inflammatory in multigravid women than
primigravid women, and these parity differences may account for the different outcomes these women and their offspring
experience. Commonly recognized sequelae of malaria-like maternal anaemia and low birth weight primarily occur in first
and second pregnancies. Hypertension may result from maternal-foetal conflict over the inflammatory response to placental
malaria, and occurs in young, first-time mothers. Placental malaria can either increase or decrease parasitaemia risk in the
offspring, depending on the mother's parity, The burden of disease due to pregnancy malaria, and the benefits of an
effective vaccine, may be much greater than is currently appreciated.

Key words: Plasmodivm falciparum, pregnancy, parity, placenta, preeclampsia,

INTRODUCTION susceptibility during later pregnancies, and is there-
fore unlikely to be increasing susceptibility during
first pregnancies.

To explain parity-related resistance, MacGregor
speculated that local uteroplacental immune re-
sponses were required for protection, and that
these might develop over successive pregnancies
(McGregor, 1984). However, responses that localize
to the uteroplacental unit have never been properly
defined. Ultimately, the discovery that a distinct
binding form of P. falciparum caused pregnancy
malaria provided an cxplanation for many of the
epidemiological and clinical features of this syn-
drome. The finding also offered new strategies for

In areas of stable malaria transmission, residents
acquire immunity by adulthood that limits infection
and prevents severc disease due to Plasmodium
Jalciparum. Immunity is compromised in first-time
mothers, who frequently expericnce peripheral
parasitacmia as well as dense accumulations of
parasites and inflammatory cells in the placenta.
Placental malaria is associated with poor outcomes,
both for mothers who often develop severe anaemia
and for newborns who are commonly underweight.
Malaria-related low birth weight (LBW) is estimated
to cause about 100000-200000 infant dcaths each
vear (Guyatt and Snow, 2001 ; Murphy and Breman,

2001), intervention.

Susceptibility to malaria infection and disease
during pregnancy has been a longstanding mystery. ADISTINCT PARASITE PHENOTYPE CAUSES
Many observers presumed that ‘immunosuppres- PLACENTAL MALARIA GLOBALLY

sion’ during pregnancy is required to prevent rejec-
tion of the foetal allograft, and that this also increased
susceptibility to malaria. However, this hypothesis
did not explain the peculiar epidemiology of preg-
nancy malaria due to P. falciparum, in which resist-
ance increases over successive pregnancies when
womnen live in an area of stable malaria transmission.
Antimalarial prophylaxis confers few benefits in
multigravid women (Greenwood et al. 1992), in-
dicating that immunosuppression is not increasing

Among the four human malaria parasite species,
only P. falciparum has the property of binding to
endothelium and sequestering in deep vascular
beds. Early observers deduced the nature and im-
portance of parasite adhesion. Alphonse Laveran,
who discovered the malaria parasite (Laveran, 1882),
observed that the organ-specific syndromes of falci-
parum malaria (e.g. cerebral malaria) corresponded
to the burden of malaria parasites sequestered in
the affected tissue (Laveran, 1884). Detailed quan-
titative histological studies have supported this
relationship (MacPherson et al. 1985). Marchia-
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erythrocytes (IE) bind to endothelial surfaces,
leading to parasite sequestration (Marchiafava and
Bignami, 1894).

IE are known to bind numerous host molecules,
such as CD36, ICAM-1, and the glycosaminoglycan
(GAG) chondroitin sulfate A (CSA) among several
others. IE collected from infected individuals com-
monly bind CD36, sometimes in combination
with other receptors. IE collected from the human
placenta have a distinct binding phenotype ~ they
bind to CSA but do not bind to CD36 (Fried and
Duffy, 1996). The discovery of CSA-binding para-
sites in the placenta was doubly surprising, since
adhesion had previously been discounted as the
basis for placental sequestration (Bray and Sinden,
1979). IE in the placenta accumulate throughout the
intervillous spaces of the placenta, most without
obvious attachment to the placental lining (Fried
and Duffy, 1996). After the discovery of placental
CSA-binding parasites, CSA was shown to be dis-
tributed throughout the intervillous spaces of in-
fected placentas, and to co-localize with placental IE
(Muthusamy et al. 2004). These data support the
notion that adhesion to CSA accounts for placental
sequestration of parasites.

All studies of placental IE have identified adhesion
to CSA as a common property of placental parasites.
In addition to CSA, other placental receptors for
parasite adhesion have been proposed, including
hyaluronic acid (HA) and Fc receptors. Like CSA,
HA s a GAG. Many preparations of HA contain
CSA as a contaminant, and this CS5A contaminant
can support IE binding {Fried, Lauder and Duily,
2000; Valiyaveettil ef al. 2001). In those studies that
used pure HA without CSA contamination, binding
of placental IE to placental cryosections was not
inhibited by soluble HA (Fried ef af. 2000, 2006). A
new study has found that placental 1E do not bind to
HA, and in detailed biochemical studies determined
that HA was not detectable in placentas after re-
moving umbilical cord tissue (Muthusamy et al.
2007). This indicates that HA is not available in
the intervillous spaces of the placenta to support IE
binding. Curiously, enzymatic digestion of placental
cryosections with specific hyaluronidases inhibits
binding of placental IE (Rasti et al. 2006). Further
studies are required to substantiate a role for HA in
placental sequestration.

Similarly, the role of Fc receptors in placental
IE adhesion remains unclear, IE can adsorb im-
munoglobulin (Ig) G to its surface, and this
prompted the hypothesis that IgG may act as a
bridge for IE to bind to neonatal Fc receptor
(nFcR) on the syncytiotrophoblast (Flick et af. 2001).
However, nFcR is not expressed on the syncytio-
trophoblast surface, does not bind IgG at physio-
logical pH (7-4), and therefore is unlikely to mediate
IE adhesion. Similarly, the distribution and binding
properties of other IgG-binding molecules expressed
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by the placenta, such as annexin, placental alkaline
phosphatase and other Fc receptors, suggest that
they do not support binding of IgG at the syncytio-
trophoblast surface (Simister and Story, 1997).
Studies of freshly collected placental IE have yielded
conflicting data as to whether placental IE may use
IgG to bind to the syncytiotrophoblast (Fried et al.
2006; Rasti et al. 2006). More data arc needed to
resolve this controversy.

IMMUNITY TO PLACENTAL IE EXPLAINS
PARITY-RELATED RESISTANCE

As noted above, resistance to pregnancy malaria is
acquired over successive pregnancies. Among preg-
nant women living in areas of stable malaria trans-
mission, first-time mothers have the highest
frequency of parasitacmia and the most severe se-
quelae. The observation that placental IE have a
distinct binding phenotype suggested a possible ex-
planation for the parity-related pattern of suscepti-
bility. Women may be naive to CSA-binding
parasites at the time of their first pregnancy, and then
acquire antibodies over successive pregnancies that
control this parasite form.

Immunoepidemiology studies have consistently
supported this idea. Over successive pregnancies,
women acquire antibodies that block binding of
placental parasites (Fried et al. 1998%), and anti-
bodies that react with the surfacc of CSA-binding
parasites (Ricke ef al. 2000). Antibodies that ag-
glutinate placental IE may increase over successive
pregnancies, although placental IE agglutinate
peorly compared to other parasites (Beeson et al.
1999; Maubert et al. 1999). Cellular responses to
CSA-binding parasites also increase as parity in-
creases (Fievet et al. 2002).

Immunity to placental parasites or CSA-binding
parasites is specifically related to improved out-
comes. Anti-adhesion antibodies arc related to pro-
tection from infection for the mother (Fried et af.
19984), and are related to increased birth weight and
gestational age for the newborn (Duffy and Fried,
2003). Antibody that reacts with the surface of CSA-
binding parasites is related to increased haemoglobin
levels and increased birth weight among women with
chronic forms of placental ralaria (Staalsoc et al.
2004). These findings have strongly supported the
idea of a pregnancy malaria vaccine that would elicit
immunity to placental 1E surface antigens before first
pregnancy in order to improve maternal and foetal
outcomes,

MALARIA HAS DIFFERENT OUTCOMES IN
DIFFERENT WOMEN

First-time mothers are more susceptible to malaria
than other mothers. However, the course of malaria
also differs in first-time mothers. Placental parasite
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densitics are significantly higher during first preg-
nancy. Inflammatory infiltrates in the placenta are
frequently intense and sometimes massive during
first pregnancy (Ordi et af. 1998), whercas placental
malaria in multigravid women typically clicits little
if any inflammatory infiltrate. Finally, the duration
of placental malaria is longer in first-time mothers
than other mothers, and the inflammatory cytokine
responses in their placentas may extend beyond the
resolution of parasitaemia (Friced ef al. 19984a).

These different clinicopathological presentations
profoundly modify the sequelac of pregnancy
malaria for both the mother and her offspring. Well-
known sequelac of pregnancy malaria, such as ma-
ternal anaemia and LBW offspring, are more fre-
quent and severe during first pregnancy (Brabin and
Rogerson, 2001). However, the sequelae of placental
malaria may be substantially greater than previously
recognized, in part because there may be insidious
effects that have been masked by parity.

Preeclampsia is a deadly hypertensive disorder of
pregnancy that, like falciparum malaria, is most fre-
quent during first pregnancy. A possible relationship
between placental malaria and preeclampsia has been
unclear. In Senegal, placental malaria was more
common in women with precclampsia (Sartelet et al.
1996), while studics in Kenya failed to find a re-
lationship between pregnancy malaria and pre-
eclampsia (Shulman et ¢/. 2001 ; Dorman et al. 2002).
Data from Tanzania (Muehlenbachs et af. 2006) now
suggest that both earlier studies may have been cor-
rect, because placental malaria causes hypertension in
some mothers but not others. The risk of hyperten-
sion in infected women is strongly influenced by
parity and age.

In Tanzania, young first-time mothers with
placental malaria had significantly increased risk of
hypertension (Muehlenbachs et al. 2006). In-
terestingly, hypertension in these women may result
from a conflict between the mother and the foetus
during the inflammatory response to placental in-
fection. In older multigravid women, placental
malaria lowered blood pressure, just as malaria
lowers blood pressure in non-pregnant individuals.
When data from all mothers were examined in ag-
gregate, blood pressure measurements were similar
between infected and uninfected women. The ag-
gregate analysis masked the significant but opposing
effects of placental malaria on blood pressure among
different groups of women.

Similarly, important effects of pregnancy malaria
on the offspring may be masked by an interaction
with parity. In Cameroon, children born to mothers
with placental malaria experienced parasitaemia
more frequently than other children, although this
relationship was not significant (Le Hesran ef al.
1997). Studies in Tanzania confirm that the risk of
parasitaemia is different among children born to in-
fected women. However, the risk of parasitacmia
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may either increase or decrease, again depending on
the parity of the mother. The frequency of para-
sitacmia incrcascs among infants born to infected
multigravid women, but the frequency decreases
among infants born to infected first-time mothers
(Mutabingwa et al. 2005).

Future studies will need to assess how pregnancy
malaria modifies the risk of severe malaria and ma-
laria-related death in offspring. Pregnancy malaria is
related to perinatal mortality: chemoprophylaxis
during first pregnancies reduces perinatal mortality
by a quarter or more (Garner and Gulmezoglu,
2006}, similar to the effect of insecticide-treated
bednets (Gamble et af. 2007). However, the total
impact of placental malaria on post-neonatal mor-
tality remains unclear. Because LBW is a strong risk
factor for infant mortality, LBW due to placental
malaria has been estimated to cause 100000 or more
infants dcaths cach year. If placental malaria is also
modifying the risk of severe malaria during early
childhood, then the impact of placental malaria on
children’s health in tropical countries may be much
greater than we currently appreciate.

SHORT-TERM AND LONG-TERM SOLUTIONS

The impact of pregnancy malaria on the health of
mothers and children is great, In areas of high ma-
laria transmission, ncarly all pregnant women are
likely to be infected sometime during pregnancy
(Brabin, 1983). Rates of placental malaria at the time
of delivery can be as high as 70%. Some effects of
placental malaria are well-known, such as maternal
anaemia and LBW infants. Other effects of placental
malaria may be insidious, such as maternal hyper-
tension or modified risk of malaria in the offspring.

Unfortunately, the tools available to prevent
pregnancy malaria are narrowing, Insecticide-
treated bed nets are a useful tool, but only reduce
malaria infection and disease by about a quarter to
a third, although the size of this benefit may vary
in different populations (Gamble et al. 2006).
Prephylaxis with chloroquine was a cheap and ef-
fective strategy until chloroquine-resistant parasites
spread around the globe. Intermittent presumptive
treatment during pregnancy (IPTp) with sulfadox-
ine-pyrimethamine (5P) replaced chloroquine as
a preventative strategy in Africa. However, this
strategy may soon falter with the rapid sprcad of SP-
resistant parasites throughout the continent.

A vaccine is the best long-term strategy to prevent
pregnancy malaria. Women develop resistance to
pregnancy malaria over successive pregnancies, and
this correlates with the acquisition of antibody
against placental IE. A vaccine should reasonably
target the surface proteins of placental IE to elicit
protective immunity. The target(s) of these anti-
bodies is (are) thought to be relatively conserved,
because sera from multigravid women cross-react to
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placental and CSA-binding IE collected from
around the world (Fried et al. 19985).

The gene warZesa i1s uniformly up-regulated in
placental 1E (Salanti ez al. 2003). The VAR2CSA
protein is a member of the PEEMP1 family of variant
surface antigens, and it has become the primary focus
of an international effort to develop a pregnancy
malaria vaccine (see articles by Hviid and Salanti and
by Scherf in this special issue). In addition to
garZesa, a limited repertoire of transcripts (Francis
et al. 2007) and IE membrane-associated proteins
(Fried et al. 2007) are also preferentially expressed by
placental parasites, and may contribute to the pro-
tective efficacy of a vaceine.

The next steps to develop a vaccine will be to
identify the protein domains and variants that are
targeted by functional antibodies, and to express
these as recombinant immunogens that scnsitize
women to the surface antigens of placental IE. A
pregnancy malaria vaccine could be given to women
at the outset of their reproductive years, in order
to elicit immune responses that would be boosted
during encounters with CSA-binding parasites
during pregnancy. Such a vaccine may provide im-
munoclogical protection from the worst effects of
pregnancy malaria, and the benefits would be great-
est among first- and second-time mothers.
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Abstract.

Malaria has been the greatest scourge of humankind for many millennia, and as a consequence has had

more impact than any other pathogen in shaping the human genome. The sequencing of the human genome provides
a new opportunity to determine the genetic traits that confer resistance to infection or disease. The identification of these
traits can reveal immune responses, or host-parasite interactions, which may be useful for designing vaccines or new
drugs. Similarly, the parasite genome sequence is being exploited to accelerate the development of new antimalarial
interventions, for example by identifying parasite metabolic pathways that may be targeted by drugs. The malaria
parasites are well known for their ability to undergo antigenic variation, and in parallel to cause a diverse array of disease
syndromes, including the severe syndromes that commonly cause death. Genome-based technologies are being har-
nessed to relate gene and protein expression levels, or genetic variation, to the parasite forms that are targets of
protective immunity. Well-conducted clinical studies are required to relate host or parasite diversity with disease.
However, genomics studies of human populations raise important ethical issues, such as the disposition of data related
to disease susceptibility or paternity, and the ability of communities to understand the nature of the research.

THE MANY MANIFESTATIONS OF MALARIA

Although human malaria results from infection with any of
four Plasmodium species, research has primarily concerned
itself with P. falciparwm malaria, which is the deadliest kind.
P. falciparum malaria takes a devastating toll on human life,
with estimates of 1 to 3 million deaths annually. The deadly
syndromes of malaria can take diverse forms, including severe
anemia, respiratory distress, and cerebral malaria, The se-
quence of events that leads to severe disease and death is
incompletely understood.

Understanding the mechanisms of disease will offer impor-
tant opportunities for intervention, and to a large extent the
story of these diseases must have been written into the ge-
nomes of the parasite and the host. In some cases, parasite
factors underlie the different syndromes, such as the well-
known property of parasites causing pregnancy malaria to
bind the placental receptor chondroitin sulfate A (CSA).!
Scientists have used the parasite genome to assist with iden-
tifying the parasite protein(s) that mediate parasite binding to
CSAZ

Looked at from another perspective, the vast majority of
malaria infections—3500 million cases annually by some
counts—do not result in death. By that measure, malaria does
not seem especially dangerous because more than 99% of
cases do not cause death. Therein lies another tale—one of
parasite and host co-adaptation. In part, this story is written
into the human genome, which has been selectively shaped by
the malaria parasite to a greater extent than any other patho-
gen.> Otherwise deleterious genetic traits have been main-
tained at high frequencies in malaria-exposed populations be-
cause of the selective advantage that they confer against the
disease.*” Understanding how the human genome has been
shaped by this experience can offer important insights into
host strategies that prevent severe disease and death and

* Address correspondence to Patrick E. Duffy, Seattle Biomedical
Research Institute, 307 Westlake Avenue North, Suite 500, Seattle
WA 98109, E-mail: patrick.duffy@sbri.org.
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whether these are conferred by innate resistance or acquired
immunity.

THE GENOME PROMISE AND SOME QUESTIONS

The mechanisms of survival for both the parasite and its
human host offer insights that can guide the development of
malaria vaccines and antimalarial drugs. P. falciparum exhib-
its great diversity in both its phenotypic and genotypic char-
acteristics on a world-wide scale.® Parasite diversity has been
interpreted as a way for the parasite to escape the immune
responses of the infecting human host.”* Some properties of
parasite-infected erythrocytes (IE) such as rosetting (binding
to uninfected erythrocytes) or adhesion to different endothe-
lial receptors have been associated with severe malaria, and
are variably expressed by the parasite.

Conversely, the ability to resist P. falciparum malaria is an
important adaptation of human populations living in endemic
areas.'” The sickle cell trait is the best studied innate mecha-
nism of resistance to malaria. During the past 20 years, poly-
morphisms in multiple other human genes have been de-
scribed that affect susceptibility to P. falciparum infec-
tions, including additional hemoglobin mutations,'*'? HLA
Bw53,"* and Toll-like receptor polymorphisms.'

Unraveling the strands of these two tales—the tale of a
lethal parasite and the tale of human survival—may now be
possible with the completed sequences of human and Plas-
modiwm falciparum genomes.'™'® These major achievements
have opened the door to rapid advancements in the research
areas ol comparative genomics, transcriptomics, and pro-
teomics. Four years after the publication of the parasite ge-
nome, though, are we able to list new drug targets, new ma-
laria vaccine candidates, and new diagnostic tools derived
from this field of research?

Many post-genomics studies have been completed, and
substantial data have been generated, What are the strategies
for turning genome sequences or genomic technologies into
malaria intervention or public health tools? What information
can be derived from the parasite genome or the human ge-
nome, and which genome may contain the information that is
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necessary for a solution? Finally, how will these new tech-
nologies be integrated into clinical studies in tropical coun-
tries, and how can scientists in these countries access the tools
and best design their research in a post-genomic world?

MINING THE PARASITE GENOME

Barring eradication of either malaria parasites or the mos-
quitoes that transmit them, the solution to the malaria prob-
lem requires effective drugs and vaccines. In recent times, we
have been losing the race to stay ahead of the parasite. Deaths
have mounted as chloroquine-resistant parasites spread
around the world, and resistance to sulfadoxine-pyrimeth-
amine developed soon after it was introduced to replace chlo-
roguine in many arcas. Meantime, the promise of a highly
effective vaccine has remained elusive, despite some key ad-
vances including the partially effective RTS, S vaccine,'”

The parasite genome may offer the means to stay ahead in
the race against the parasite. Traditional approaches to drug
development for malaria have yielded a limited pharma-
copeia. Our best drugs have been derived from traditional
herbal treatments, for example quinine and artemisinin, or
from cumbersome small molecule library and synthetic ana-
logue screens, such as mefloquine. As the few remaining
drugs lose their efficacy—and there is worrying evidence that
resistance to artemisinins may be emerging in some areas
where it has been introduced' —we must find alternative
strategies to identify new targets.

The malaria genome, of course, contains many potentiat
drug targets. Genes that are essential for parasite survival are
the natural starting point, and those encoding proteins in-
volved in metabolic pathways are the traditional candidates,
The genome sequence has greatly extended our understand-
ing of the parasite’s metabolic pathways, and thus revealed
numerous targets for drug development. For example, the
identification of genes involved in isoprenoid biosynthesis in
the falciparum genome led to the identification of fosmido-
mycin and i{s derivatives as potential antimalarial drugs.!®

Transfection technologies allow scientists to selectively
“knockout” individual genes and to determine whether the
parasite can survive without them. Notably, some genes are
essential to parasite survival during blood stage development,
whereas other genes are essential during the liver stage® or in
the sexual stage (the stage that transmits to mosquitoes). Any
of these may be a useful drug target. A blood stage target is
ideat for treaiment of sick persons, whereas a liver stage tar-
get may be useful for developing prophylactic agents.

THE PARASITE GENOME AND
VACCINE DISCOVERY

The completion of the malaria genome sequence also al-
lows a more deliberate approach to vaccine development.
Antigens may be selected according to their role in protective
immunity. Protective immunity can prevent infection or can
prevent disease, Immunity that prevents infection can be
achieved by inoculating humans with parasites attenuated by
irradiation,”*"** Immunity that prevents disease develops
naturally when people are exposed to malaria over an ex-
tended period of time, For example, adult residents of areas
with stable malaria transmission are able to limit parasitemia
and do not ofien become sick when they are infected with P.

falciparum. Passive transfer studies in humans have demon-
strated that the IgG fraction of serum contains this protective
activity.?*3

New technologies have been developed that capitalize on
the available genome sequences, These include DNA mi-
croarrays to study gene transcription, proteomics tools to
measure protein expression, and bioinformatics approaches
that predict protein function and localization based on gene
ot protein sequences. These tools are high throughput ap-
proaches, and in some cases have overcome technical prob-
lems that previously stymied laboratory studies of malaria
parasites, For these reasons, the genome-based technologies
will be extremely useful to identify the malaria antigens that
may be involved in models of protective immunity.

Surface proteins are a logical target for vaccines, because
they often carry out key functions such as adhesion or inva-
sion, and they are accessible to antibodies. Proteomics tools
survey the full repertoire of surface proteins expressed by a
pathogen, from which the optimal antigens for a vaccine can
be rationally selected. For example, proteomics studies iden-
tified novel surface proteins of Streptococcus agalactica and
Helicobacter pylori.?®*?

In the case of P. falciparum, mass spectrometry (MS) has
been used to characterize proteins expressed on the surface of
the infected erythrocytes (IE) in fresh samples collected from
Tanzanian donors.® Parasites form efectron-dense structures
called “knobs” on the IE surface that mediate adhesion to the
vascular endothelium. In the study from Tanzania, knob pro-
teins were enriched by differential detergent extraction fol-
lowed by various fractionation methods prior to liquid chro-
matography (L.C)-MS/MS. This approach identified peptides
from hundreds of proteins. Among these, 75% contained a
predicted transmembrane (TM) domain, and 70% had no
known function. This approach identified variant surface an-
tigens as well as several conserved proteins with predicted
TM domains or signal peptides, which were associated with
the CSA-binding or placental parasites.

DNA microarrays that measure gene franscription are a
useful adjunct to proteomics studies. Although gene tran-
scription levels do not necessarily correspond to protein lev-
els, microarrays (which measure thousands of genes) have
greater sensitivity than MS technologies (which measure hun-
dreds of proteins). DNA microarrays have been applied to
laboratory isolates to define the entire transcriptome of P.
falciparwm during intraerythrocytic and mosquito stages,>”-*°
One approach to malaria antigen discovery entails identifying
the genes that are upregulated in virulent or disease-causing
parasite forms. For example, upregulated genes identified by
microarray analysis of Neisseria meningitidis serogroup B
were shown to encode proteins that protect against meningo-
coceus in a mouse model **?!

For malaria, vaccine developers will be interested in genes
that are upregulated in the parasite stages or forms that are
the target of protective immunity, The genes expressed by LS
parasites encode proteins that are targets of protective immu-
nity and could be used as subunit vaccines, Alternatively,
these genes may be essential to liver stage development and
therefore could be knocked out to produce genetically attenu-
ated parasites that induce protective immunity but cannot
cause blood stage infection and disease.”®

Amaong blood-stage parasites, IEs that bind to the placental
receptor CSA have been shown to be commeonly involved in
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malaria of pregnant women. For a vaccine against pregnancy
malaria, scientists are using microarrays to identify the subset
of genes that are preferentiaily expressed by CSA-binding or
placental parasites.* The parasite forms that cause the severe
malaria syndromes of children remain unknown. However,
there is intense interest to identify these parasite forms be-
cause the antigens that these parasite forms express may be
useful to develop vaccines that prevent disease and death due
to malaria in young African children.

HUMAN GENOMIC ANALYSIS OF
MALARIA RESISTANCE

Given the importance of environment and the likely im-
portance of parasite strain variation in determining the risk of
malaria, it may seem at first unlikely that human genetic
variation would play a major role. However, the strongest
known determinant of severe malaria due to P. falciparum is
a human genetic factor, sickle cell trait, which reduces risk by
approximately 10-fold.3-** Host genetic factors are estimated
to account for 25% of variation in risk of hospital admission
for malaria among Kenyan children, whereas household ac-
counts for only 14% of the variation.* Risk of malaria infec-
tion appears to have a similar contribution from host genetics
(24%) and household (29%). Tmportantly, sickle cell trait ac-
counted for only 2% of the total variation, implying that many
other host genetic determinants remain to be discovered.

Although human genetics is now being used as an investi-
gative tool in many diseases, malaria may prove to be the
most productive application of this approach because it is the
strongest known force for evolutionary selection in the recent
history of the human genome. In addition to the HbS allele,
which encodes sickle hemoglobin, a remarkable range of ge-
netic variants of erythrocyte proteins have risen to high fre-
quency in human populations due to their protective effect
against P. falciparum malaria. They include variants of globin
structure (HbS, HbC, HbE), globin regulation (thalassemias),
band 111 protein (ovalocytosis), and glucose-6-phosphate de-
hydrogenase (reviewed in ref 3). Malaria resistance alleles
have served as an important paradigm in the development of
statistical methods to uncover signatures of recent positive
selection in the human genome. 338

An elegant demonstration of how genetic discoveries can
assist vaccine development is provided by Duffy blood group
antigen. Some 30 years ago it was discovered that the reason
for the near absence of P. vivax from sub-Saharan Africa is
due to the fact that most of the population have a genetic
variant that prevents the Dulffy blood group antigen being
expressed on erythrocytes.® This genetic discovery led to the
molecular discovery of the protein that the parasite uses to
bind to Duffy antigen,”® which is essential for erythrocyte
invasion by P. vivax and represents an obvious target for a P.
vivax vaccine.*'

Knowledge of the human genome sequence has revolution-
ized the investigation of genetic diversity within human popu-
lations. Of the 3 billion base pairs in the human genome, in
the order of 10 million (i.e., approximately 1in 300) base pairs
are estimated to have polymorphisms present at more than
1% frequency in human populations.®® Armed with this
knowledge, the medical research community is investing huge
efforts in large-scale epidemiologic studies to uncover the ge-

netic basis of common human diseases. The long-term goal is
not just to make genetic discoveries, but also to use these
discoveries to dissect the complex web of molecular pathways
that underlie the evolution of discase, as well as the molecular
mechanisms that protect against disease, and thereby to ac-
celerate the process of vaccine and drug discovery.

How can we most efficiently and reliably discover novel
malaria resistance alleles? The most popidar approach is can-
didate gene analysis, in which the investigators begin by se-
lecting genes or gene regions of particular interest, and then
type pelymorphisms in those genes for association with severe
malaria. The advent of PCR-based genotyping methods has
led to dozens of candidate gene studies of malaria over the
past 15 years or so, many of which have identified putative
disease associations (reviewed in ref 3).

However, there are some problems in interpreting this
mass of candidate gene data. One problem is that in very few
studies have the candidate genes been tested for more than a
handful of known polymorphisms, so a negative result may
simply mean that important polymorphisms were omitted
from the analysis. This problem will eventually be solved as
more polymorphisms are discovered, and as new technologies
make it possible for investigators to type many polymor-
phisms at affordable cost. A more serious problem is that
many candidate gene studies are underpowered and have not
been replicated in independent studies, leading to a high rate
of both false negative and false positive results. Population
stratification is an important cause of false positives in case-
control studies. It arises when the cases and controls are
sampled from sub-populations of different ancestry, so that
the apparent disease association simply reflects the different
genetic makeup of the sub-populations rather than genetic
effects on the disease itself. It is thus imperative to match
cases and controls by ethnic group, but even with careful
matching it may be difficult to avoid subtle stratification ef-
fects in ethnically heterogeneous populations.*® Family-based
association studies, in which the genotypes of an affected
child are compared with those of its parents, provide a way of
excluding these population artifacts and represent an impor-
tant complementary approach to standard case-control analy-
sis.>

The cutting edge of genomic epidemiology goes beyond
candidate genes to the whole human genome, which harbors
thousands of genes whose function is unknown, some of
which may play a critical role in host-parasite interactions.
Discovery of novel genes that influence the evolution of dis-
ease and of protective immunity could provide vital clues for
vaccine development, as illustrated by the example of Duffy
antigen given previously. Screening the whole human genome
for malaria resistance alleles by genetic association analysis
would not have been feasible a few years ago, but 3 recent
advances now make this possible. First, the International
HapMap Project has surveyed almost 4 million single nucle-
otide polymorphisms (SNPs) across the genome, and by de-
scribing the common combinations of alleles found in indi-
viduals of African, Asian, and European origin, provides a
rational basis for the identification of SNPs that are informa-
tive about common forms of human variation in different
populations.®® Second, new high-throughput genotyping tech-
nologies allow an individual to be genotyped for over half a
million SNPs in a single assay. Finally, the establishment of
large, multicenter collaborations such as the Malaria Ge-
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nomic Epidemiology Network (www.malariagen.net) makes
it feasible to achieve the sample sizes required to carry out
genome-wide association studies that are adequately powered
to correct for the vast number of multiple observations,™
According to current thinking this needs at least 2,000 cases
and 2,000 controls, and the formation of large-scale partner-
ships allows this to be increased by at least 4-fold to detect
genetic effects of modest magnitude.

GENOME SCIENCE IN THE FIELD

The broad intention of human and malaria parasite genetic
studies is to explain observed differences in malaria disease
incidence, prevalence and severity, and to apply accrued
knowledge to disease control. These studies involve human
subjects by collecting blood specimens and clinical informa-
tion, and therefore they should meet all Good Clinical Prac-
tice principles. Some genetic studies are designed to be nested
in ongoing trials or observational studies, which have sepa-
rately received ethical approval.

However, many of these genomic studies are commonly
introduced into the research plan at later stages of the main
study. In general, genome-based studies must be performed in
well-equipped laboratories, meaning that these are mostly
conducted outside the endemic countries in Africa or else-
where. In these cases, the collection and management of
specimens and clinical information raise several ethical issues,
How does the study team obtain valid written informed con-
sent for samples meant for future studies? What measures are
in place to ensure that samples transferred to another labo-
ratory or country are strictly used for intended and stated
investigations?

Practical issues also must be considered. The team must be
prepared to manage the cross-border transportation of ge-
netic materials, Thought must be given as well to the nature
of the genetic information being collected, and the manner in
which this information may be returned to the study partici-
pants. Study teams should be particularly aware of unearthing
sensitive human genetic findings, such as information on ge-
netic traits associated with disease susceptibility, or family
information that may determine paternity of children. Al-
though these ethical issues have no clear cut answers, they
should be adequately addressed by the study team in collabo-
ration with local Institutional Review Boards (IRBs) and Eth-
ics Review Committees (ERCs).

Apart from scientists, lay populations are also aware that
disease severity varies within communities exposed to similar
intensity of transmission and presumably malaria parasites of
similar virulence, The awareness of the lay population is a
good thing because this will facilitate their understanding of
the basis for genomics studies as well as obtaining informed
consent for the studies.

Inter-individual variations in disease manifestations under
similar epidemiologic settings may be explained in part by
variations in the parasite and in part by genetic determinants
in the host. Although current knowledge indicates that some
polymorphisms within the human genome such as hemoglo-
binopathies and certain thalassemias confer protection to ma-
laria, the true mechanisms of protection remains unclear. Un-
derstanding these mechanisms is wholly dependent on good
clinical studies, partnered with strong basic research in ge-
noinics, pathogenesis, and immunology.

CONCLUSIONS

The genome sequences of the malaria parasite P. falci-
parwn and its human host have created new opportunities to
solve the malaria problem. Although the availability of ge-
nome sequences and genome-based technologies have al-
ready greatly expanded our understanding of both the para-
site and the host response to it, the new genomic era has yet
to deliver on its promise of effective new drugs and vaccines,
The solution to the malaria problem lies in an understanding
of both parasite and human genomes, and the insights these
offer into the myriad interactions between the parasite and
the host. In many cases, the full realization of the genomic
promise will require the application of these technologies to
populations affected by malaria, meaning that studies de-
signed to meet the highest clinical and ethical standards must
be conducted in resource-poor communities. Laboratory and
clinical researchers around the globe are ready to embrace
the opportunities created by the genome sequences. Most
people expect that a wealth of information emanating from
these studies will profoundly enhance our understanding of
the malaria problem. What remains less clear is where in the
parasite or human genomes we may find solutions to the ma-
laria problem, hidden right in front of us. Finding those so-
lutions is the very reason for research.
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Abstract

Background

Placental malaria (PM) is an important cause of maternal and foetal mortality in tropical
areas, and severe sequelae and mortality are related to inflammation in the placenta.
Diagnosis is difficult because PM is often asymptomatic, peripheral blood smear
examination detects parasitemia as few as half of PM cases, and no peripheral markers
have been validated for placental inflammation.

Methods

In a cohort of Tanzanian parturients, PM was determined by placental blood smears and
placental inflammation was assessed by histology and TNF mRNA levels. Maternal
peripheral blood levels of several immune mediators previously implicated in PM
pathogenesis, as well as ferritin and leptin were measured. The relationship between the
levels of these soluble factors to PM and placental inflammation was examined.

Results

Peripheral levels of TNF, TNF-RI, TNF-RII, IL.-1, IL-10, and ferritin were elevated
during PM, whereas levels of IFN-y, IL-4, IL-5 and IL-6 were unchanged and levels of
leptin were decreased. In receiver operating characteristic curve analysis, IL-10 had the
greatest area under the curve, and would provide a sensitivity of 60% with a false positive
rate of 10%. At a cut off level of 15 pg/mL, IL-10 would detect PM with a sensitivity of
79.5% and a specificity of 84.3%. IL-10 levels correlated with placental inflammatory

cells and placental TNF mRNA levels in first time mothers.



Conclusions

These data suggest that IL-10 may have utility as a biomarker for inflammatory PM in
research studies, but that additional biomarkers may be required to improve clinical

diagnosis and management of malaria during pregnancy.



Background

Placental malaria (PM) due to Plasmodium falciparum is a major cause of mortality for
mothers and their offspring, and is most frequent and severe during first pregnancies [1].
PM is caused by parasite-infected erythrocytes that bind to chondroitin sulfate A (CSA)
and sequester in the placenta [2]. In histologic studies, PM can appear as an acute
condition with little to no inflammation, or as a chronic disorder with sometimes heavy
inflammation and deposition of parasite haemozoin (also called pigment) [3]. Chronic
inflammatory PM has been most closely related to poor maternal and foetal outcomes in
earlier studies [4]. In areas of stable malaria transmission, first time mothers often
develop chronic PM, with inflammatory infiltrates and elevated Type 1 cytokines in the

placenta [4, 5].

Antenatal diagnosis of PM by Giemsa-stained blood smears fails to identify a substantial
proportion of PM cases [6], possibly as many as half [1] and no tools exist that can
predict poor pregnancy outcomes. PCR-based detection of P. falciparum DNA in
peripheral blood is frequently positive when peripheral blood smear is negative.
However, PCR can detect dead parasites, free parasite DNA, or DNA in phagocytic cells,
and PCR-detection is not associated with pregnancy outcomes [6]. Antigen capture tests
show promise, but they yield information only on parasitaemia and not inflammation [7].
A recent study from Kenya reported an association between plasma urokinase receptor
Ievels measured at delivery and low birth weight in maternal malaria [8], suggesting that

host biomarkers may be useful for discriminating women likely to experience poor



outcomes from other women. Peripheral biomarkers of placental inflammation may be of
particular value, since this condition is related to poor outcomes. In the present study
peripheral blood levels of several immune mediators and other proteins in a cohort of
Tanzanian women was examined at the time of delivery, and their associations with PM

and placental inflammation was determined.



Methods

Clinical procedures

Placental samples, peripheral blood and clinical information were provided by Tanzanian
women aged 18 to 45 years delivering at the Muheza Designated District Hospital,
Muheza, Tanga region, in an area of intense malaria transmission. These women were
participating in a birth cohort study known locally as the Mother-Offspring Malaria
Studies (MOMS) Project. Women signed an informed consent form before joining the
study, and women with known HIV or HIV-related sequelae in their offspring were
excluded. Routine microbiological testing for other infectious diseases was not performed
at the study site. Clinical information was collected by project nurses and assistant
medical officers on standardized forms. Study procedures involving human subjects were
approved by the International Clinical Studies Review Committee of the Division of
Microbiology and Infectious Diseases at the US National Institutes of Health, and ethical
clearance was obtained from the Institutional Review Boards of Seattle Biomedical

Research Institute and the National Institute for Medical Research in Tanzania.

Peripheral blood was collected in citrate phosphate dextrose around the time of delivery,
and plasma was separated and frozen at -80°C. The placenta was collected at delivery,
and a full thickness biopsy from the middle third of the placental disc was taken. Tissue
was fresh frozen in liquid nitrogen and stored at -80°C. Placental blood samples were
obtained by manual compression of the placental tissue in a grinder. Placental
parasitacmia was defined as the identification of any parasites in a placental blood slide

by microscopy. Thick and thin smears were prepared; thin smears were fixed with



methanol. Blood slides were stained for 10 minutes in 10% Giemsa, washed in tap water,
air-dried, then examined using light microscopy at 1000 x magnification. Ten thousand
red cells were examined in the thin smear before concluding that a placental blood slide

was negative.

Laboratory procedures

Plasma levels of cytokines, cytokine receptors, ferritin and leptin were analyzed using a
multiplexed, bead-based platform (BioPlex®, BioRad, Irvine, CA) and custom-made
assay kits as previously described [9]. Detection limits for these assays were as follows:
TNF 0.10 pg/ml, TNF receptor (R} I 1.58 pg/ml, TNF-RII 0.21 pg/ml, IFN-y 0.04
pg/ml, IL-1 0.01 pg/ml, IL-4 0.30 pg/mi, IL-5 0.02 pg/ml, IL-6 0.45 pg/ml, IL-10
0.02 pg/ml, ferritin 0.07 ng/ml, and leptin 1.28 pg/ml. Levels of soluble factors were
adjusted to account for dilution in anticoagulant at the time of sample collection. For each
plasma sample, all analytes were assayed in a single day, thus eliminating freeze/thaw

cycles.

For histologic analysis, PM-positive tissue was selected and 5 pum cryosections of
placental tissue were fixed in methanol and stained with Giemsa. Sections were assessed
by examining greater than ninety 600 x fields per section. Immune infiltrates within the
intervillous spaces were qualitatively scored as (-) for none or very few inflammatory
cells present, (+) for inflammatory cells present. Histological analysis was performed by

a single observer (A.M.),



Quantitative PCR was performed as described elsewhere [10]. Briefly total RNA was
extracted from frozen cryosections using RNeasy minikits (Qiagen) and cDNA was
synthesized using Superscript III enzyme (Invitrogen) and anchored oligodT20 primers.
Real-time PCR was performed in duplicate using SYBR green master mix and an ABI
Prism 7000 or 7500 (Applied Biosystems). Threshold cycles (CT) were calculated and
normalized to CT of KRT7 (a gene expressed by trophoblasts and not by inflammatory
cells). Data are presented as fold-difference from control gene, calculated by 2¢°™! ¢T-
gne €D The oligonucleotide primers used for PCR reactions included: TNF Forward
CACGCTCTTCTGCCTGCT; TNF-a Reverse CAGCTTGAGGGTTTGCTACA; KRT7
forward: GGCTGAGATCGACAACATCA; KRT7 reverse:

CTTGGCACGAGCATCCTT.

Statistical analysis

Student's t-test was used for the analysis of maternal age and birth weight within
primigravid (first pregnancy) and multigravid (second and later pregnancy) groups.
Mann-Whitney test was used to examine cytokine levels. Linear regression coefficients
were calculated using simple regression analysis. Receiver operating characteristic
(ROC) curve and area under the curve (AUC) analyses were performed with IL-10 and
other soluble factors levels as continuous variables using JROCFIT and JLABROC4
algorithms that are available online at the URL [11]. Sensitivities and specificities of
elevated IL-10 to detect PM were calculated at specific cutoff levels of 10 pg/ml, 15
pg/ml or 35 pg/ml. Other analyses were performed using Statview 5.0.1 (SAS Institute,

Cary, North Carolina, United States).



Results

Peripheral plasma samples used for these studies were provided by 660 women delivering
singleton live-born babies in Muheza, Tanzania, Clinical data are shown in Table 1.
PM+ multigravid women were younger than PM- multigravid women, and birthweight
was significantly lower in PM+ deliveries compared to PM- deliveries in both gravidity

groups.

Peripheral levels of cytokines, leptin and ferritin vary during PM

Comparison of concentrations of cytokines and other soluble factors in maternal
peripheral blood stratified for PM and parity is shown in Table 2. PM significantly
increased peripheral levels of TNF, TNF-RII, IL-10 and ferritin in women of both
parities. Peripheral levels of TNF-RI and IL-1 significantly increased while levels of
leptin significantly decreased in primigravid but not multigravid women during PM. The

levels of other soluble factors were similar between PM- and PM+ women.

Peripheral 1L-10 levels are markers of PM and placental inflammation

The soluble factors that were significantly elevated in peripheral blood during PM were
analyzed by ROC curve analysis to determine their utility‘ as biomarkers to detect PM
(Table 3). IL-10 had the greatest area under the curve (AUC) at 0.83 in first time
mothers and 0.82 for all mothers, indicating the highest sensitivity and specificity. The

ROC curve for IL-10 in first time mothers is shown in Figure 1. Using an IL-10 cutoff for
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a false positive rate of 10% would yield a sensitivity of 60%, whereas a cut off for
sensitivity of 90% would yield a false positive rate of 50%. Ferritin and TNF-RII had
AUC values greater than 0.75 in first time mothers, Derived values, resulting from the
combination by summation or addition of IL-10 with either ferritin or TNF-RII provided

no improvement in sensitivity and specificity (data not shown).

The ability of IL-10 elevations above various threshold values to discriminate infected
from uninfected women was examined (Table 4). An IL-10 cutoff level of 15 pg/mL
yielded values above 75% for both parameters. Peripheral IL-10 levels were specifically
elevated in first time mothers who had placental inflammation by histology (Figure 2).

Further, peripheral IL-10 levels correlated significantly with placental TNF mRNA

(Figure 3).
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Discussion

Peripheral blood smear analysis has low sensitivity to detect PM. PCR based and antigen
capture tests for the diagnosis of PM have increased sensitivity but cannot detect
inflammation, which is related to poor pregnancy outcomes. This study suggests that
peripheral IL-10 levels may be a useful tool to identify women with inflammatory PM
and therefore those likely to have poor pregnancy outcomes. Using a cut-off level of 15
pg/mL, IL-10 levels would detect PM with a sensitivity of 79.5% and specificity of
84.3%. IL-10 may have utility in longitudinal studies, examining the burden of malaria
over gestation, when the placenta is not available for microscopic analysis. Future studies
should measure IL-10 levels throughout gestation to assess relationships to antenatal

parasitemia and to pregnancy outcomes.

IL-10 is a key cytokine both in protection and immunopathology during malaria. High
levels of IL-10 observed during malarial episodes may be beneficial by reducing the
inflammatory response, but may be detrimental by decreasing antiparasitic cellular
immune responses. IL-10 is an anti-inflammatory cytokine that acts in part by blocking
monocyte/macrophage production of inflammatory cytokines such as IL-6, TNF, and IL-1
[12]. Animal studies have suggested that II.-10 may play a regulatory role during
parasitic infection that modulates susceptibility. In particular, IL-10 inhibits the
microbicidal activity of IFN-y-treated macrophages against intracellular parasites such as

Toxoplasma gondii [13], Trypanosoma cruzi [14] and Leishmania major [15] and the
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killing of extracellular Schistosoma mansoni schistosomulas [16]). These effects may

result from decreased production of the toxic nitrogen oxide metabolites[17].

The blood stages of P. falciparum are also cleared by phagocytosis and killed by
oxidative products of nitric oxide released by macrophages [18]. IL-10 has been
previously observed to be elevated during malarial episodes in non-pregnant [19], [20]
and pregnant individuals {21]. Both increased and decreased levels of IL-10 have been
associated with poor malaria outcomes. Low levels of IL-10 or low IL-10 to TNF ratios
were associated with severe malarial anemia in African children [22], [23] while high IL
-10 levels were associated with reduced ability to eliminate malaria parasitaemia in

Tanzanian children [24] .

PM results from the accumulation of parasites that bind to CSA in the intervillous spaces
of the placenta [2, 25]. In response to the sequestered mass of parasites, inflammatory
cells infiltrate the intervillous spaces This inflammatory infiltrate can be massive, and
prominently features monocytes/ macrophages. In vitro data suggests these cells are the
principal source of IL-10 [21]. In Kenyan children, high levels of peripheral blood IL-10
were positively correlated with binding of infected red blood cells to CD36 [26], but the
relevance of this observation to malaria pathogenesis is unknown, and we find that levels
of IL-10 also increase when CSA-binding parasites are the major parasite form causing
infection. Placental levels of TNF increase during PM [5], [21], [27] and TNF gene
expression is specifically related to placental inflammation [10]. Increased placental

blood levels of TNF are related to poor outcomes for both the mother and her newborn
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[5), [27]. In the present study, placental TNF mRNA positively correlated to peripheral
blood IL-10 levels in first-time mothers, strengthening the association between peripheral

IL-10 levels and placental inflammation.

The present data indicate that peripheral ferritin levels are also elevated during PM.
Ferritin is a positive acute phase protein and is known to increase during infection and
injury. In non-pregnant individuals, ferritin levels increase during both asymptomatic and
symptomatic malaria, and the highest levels have been recorded in individuals with
severe disease [28]. Serum ferritin may also increase in the presence of subclinical
infection [29]. During the acute phase response, inflammatory cytokines such as IL-18
increase the synthesis of both heavy and light subunits of ferritin [30]. In this Tanzanian
cohort, PM was associated with elevated levels of IL-1 and TNF in maternal peripheral
blood, particularly among first time mothers who are most likely to experience placental
inflammation. Ferritin is widely used for determining iron deficiency anemia in
industrialized countries, and therefore has the advantage of existing diagnostic platforms.
For this reason, ferritin should also be evaluated in prospective studies as a cost-effective
antenatal assay for screening inflammatory PM and poor pregnancy outcomes in tropical

countries.

Conclusions

In summary, these data suggest that the peripheral IL-10 level may be useful as a

biomarker of inflammation due to PM. Future studies should measure antenatal levels of
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IL-10, and assess its relationship to parasitemia and pregnancy outcomes, and its utility
for monitoring interventional trials. The sensitivity and specificity of peripheral IL-10
levels at delivery suggest that they may not be sufficient to be used clinically as
diagnostic tools. Additional biomarkers of PM, placental inflammation and PM-related
poor outcomes are needed to improve the clinical management of this major public health

problem.
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Figure legends

Figure 1. Receiver operator curve for peripheral IL-10 levels in first time mothers to
detect PM. Solid line is the best fit curve; dashed lines show the 95% confidence

intervals.

Figure 2. Peripheral IL-10 levels stratified for maternal parity, PM and the presence of
inflammatory cells by placental histology. P-value was calculated using Mann-Whitney

test. PO, primigravidae; P1+, multigravidae.

Figure 3. Relationship of peripheral IL-10 levels and placental TNF-o. mRNA levels in
first time mothers, Gene expression is presented as 2* fold expression over KRT7.

Simple regression analysis was used to calculate R and P-values.



Table 1: Characteristics of the study population. *
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Primigravidae Multigravidae
Characteristic PM- (n = 166) PM+ (n =139) P PM- {n =415) PM+ (n =40} P
Maternal age in years
(Mean; SD) 20.6 (3.3) 19.7(1.9) 0.0964 289 (5.9) 25.7 (4.4) 0.0008
Birth weight in kg
(Mean; SD) 3.10(0.43) 2.83 (0.42) 0.001 3.25(0.386) 3.04 (0.36) 0.0014

*Data presented are Mean (SD).




Table 2: Peripheral levels of cytokines and other soluble factors stratified by parity and PM status.*
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Primigravidae Multigravidae

Factor PM- (n = 166) PM+ (n=39) P PM- (n =415) PM+ (n=40) P

TNF 22.918.346.7] 62.1 (26.3-127.5] <0,0001 18.7 (8.70-37.9] 57.7 [23.8-84.7] 0.0002
TNF- RI 948 [550-1411] 1374 [851-2290] 0.0003 812 [481-1249] 1004 [517-1580] 0.0978
TNF-RIT | 186 |0-494] 673 [260-1425) <0.0001 190 (0-403] 590 [129-959] <0.0001
IL-1 2.28 [0.72-4.36) 5.05[1.70-11.3] 0.0018 2.06 [0.73-4.46] 3.06 [0.32-7.36] 0.1409
1L-4 0.0 [0.0-0.0] 0.0 [0.0-0.0] 0.7676 0.0{0.0-0.0] 0.0 [0.0-0.0] 0.9054
IL-5 1.96 [0.39-4.21] 1.76 [0.12-3.32) 0.4215 2.09 [0.39-4.09] 1.90 [0.89-5.89] 0.3158
IL-6 18.4 [9.26-37.6] 29.3 [15.0-42.5] 0.083 13.1 [3.75-29.5] 13.2[8.83-19.2) 0.7618
IL-10 5.693.28-11.3] 23.4 (15.1-62.7] <0.0001 6.12[2.91-11.6) 22.2[13.9-40.3] <0.0001
TFN-y 0.0 [0.0-0.0] 0.0 [0.0-3.67] 0.5083 0.0 [0.0-0.0) 0.0 [0.0-0.0] 0.6607
Leptin 2404 {973-6218] 1029 [658-4115) 0.0245 2161 [1014-5293) 1490 [452-5052) 0.3444
Ferritin 14.0 [8.00-32.4) 62.7[20.8-144.8) <0001 11,6 [6.7-25.9] 40.4 [19.3-82.0]) <0.0001

*Data are presented as median [interquartile ranges]

. P-values were caleulated by Mann-Whitney test.




Table 3: Area under the Receiver Operator Characteristic (ROC) curve to detect PM.*
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Soluble facter All gravidities Primigravidae
TNF 0.690 0.731
TNF- RI 0.635 0.694
TNF-RII 0.731 0.752
L1 0.608 0.658
iL-10 0.815 0.830
Ferritin 0.733 0759

*Only cytokines and other soluble factors significantly elevated during PM are shown.




Table 4: Sensitivity and specificity of discrete IL-10 cut-off levels to classify cases of PM in first time mothers (n=205),
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1L -10 levels Sensitivity (%) Specificity (%)
> 10 pg/mL 34.6 729
> 15 pgfmL. 79.5 84.3
> 35 pg/mlL 436 95.8
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